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ABSTRACT#
This t h e s i s  i s  concerned w ith  th e  a p p l i c a t io n  
o f  th e  tech n iq u e  o f s c i n t i l l a t i o n  coun ting  to  the  
d e t e c t io n  o f  gmmm r a d ia t io n .  In  c o u n te rs  o f  t h i s  
type the  s c i n t i l l a t i o n s  produced in  a Im üinescen t 
mediuî.i a re  d e te c te d  by means o f  a p h o to - m u l t ip l i e r  
tube and th e  e l e c t r i c a l  p u ls e s  a t  the o u tp u t o f  the  
l a t t e r  a re  am p lif ie d  and counted e l e c t r o n ic a l ly *
An a ttem p t i s  made to  i n t e r p r e t  the b eh av io u r  o f  
such co u n te rs  and to  r e l a t e  th e  observed coun ting  
r a t e s  to  th e  p h y s io n l  p ro c e s se s  o ce u rin g  in  the  
luiîiinophor.
Fo llow ing  a b r i e f  h i s t o r i c a l  review  o f  th e  
s c i n t i l l a t i o n  coun ting  te ch n iq u e , a t h e o r e t i c a l  
a n a ly s i s  o f  th e  gainaa s c i n t i l l a t i o n  co u n te r  i s  
developed# This a n a ly s i s  d e s c r ib e s  how th e  number 
and energy d i s t r i b u t i o n  o f  th e  secondary e l e c t r o n s  
produced in  o luminophor o f  known com position  and 
dim ensions su b je c te d  to  a known f lu x  o f  gaima r a d i a ­
t i o n  can be c a lc u la te d .  I t  shows t h a t ,  p ro v id in g  
th e  lu ïn inescen t decay o f  the  lum inophor i s  r a p id ,  
each secondary e l e c t r o n  i l l  produce a s in g le  
s c i n t i l l a t i o n  the  i n t e n s i t y  o f  which w i l l  be proper- 
t io n ? 1 to  the  energy o f  the  e l e c t r o n .  When the
luminophor has a slow decay, on th e  o th e r  hand, 
t h i s  s im ple b eh av io u r  i s  no t to  be expected*
The am plitude d i s t r i b u t i o n  o f  th e  r e s u l t i n g  e l e c t r i ­
c a l  p u ls e s  w i l l  be m odified  by s t a t i s t i c a l  p ro c e s se s  
in  th e  p h o to - m u l t ip l i e r  tu b e , and by th e  r e s o lv in g  
tim e o f  th e  (amplifying and co u n tin g  equipment* 
E xperim enta l s tu d i e s  des igned  to  t e s t  th e  
v a l i d i t y  o f  th e  t h e o r e t i c a l  a n a ly s i s  a re  described* 
The f i r s t  p a r t  o f  th e se  s tu d ie s  i s  an i n v e s t i g a t i o n  
o f  the  s t a t i s t i c s  o f  th e  type IK î l  p h o to - m u l t ip l i e r  
tu b e ,  s t im u la te d  by b o th  con tinuous  and p u lsed  l i g h t .  
The r e s u l t s  o f  t  i s  i n v e s t ig a t i o n  a re  i n  good accord 
w ith  the  t h e o r e t i c a l  p re d ic t io n s *
The c r y s t a l l i n e  luminophore in v e s t ig a te d  
e x p e r im e n ta l ly  in c lu d ed  calcium  tu n g s t a t e ,  th a l l iu m -  
a c t iv a te d  po tass ium  io d id e ,  and th a l l iu m - a c t iv a te d  
oodioiii io d id e .  Follow ing  some p re l im in a ry  s tu d ie s  
on the  e f f e c t  o f  r e s o lv in g  time on coun ting  r a t e ,  th e  
a b s o lu te  coun ting  r a t e s  o b ta in ed  when specimens o f  
each o f  th e se  luminophoro were i r r a d i a t e d  under 
s c a t t e r - f r e e  c o n d i t io n s  w ith  th e  gamma r a d i a t i o n  
from sodium , c o b a l t  , bromine , io d in e  and
oU Oo X o i
gold-.,., were measured. These r a t e s  were th en  coiii- ly ®
p ared  w ith  the c a lc u la te d  r a t e s  o f  p ro d u c tio n  o f  
secondary  e l e c t ro n s  i n  the  media* In  the case o f  
calcium  to n g s ta te  under a p p ro p r ia te  c o n d i t io n s ,  good
agraement between oountlng rate and rate o f  eecondcry 
e lec tro n  production was obtained. In the a lk a li  
h alid e luminophore, on the other hand, counting ra tes  
were abnormally high because o f th e ir  r e la t iv e ly  
slow phosphorescent decay. These fin d in g s were oonr 
firmed by the study o f  the pulse amplitude d is tr ib u tio n s  
obtained with the luminophore under various experimental 
con d ition s.
S tudies on the v a r ia tio n  in  lum inescent e f f ic ie n c y  
with temperature o f  each o f  these luminophore, and 
on the sp ec tra l d is tr ib u tio n s  o f the em itted l ig h t  
are a lso  described .
Comparative measurements on a large  number o f
i'!-- ' ‘ ' ''
r ' l iq u id  lum inescent systems were made, with p a rticu la r
reference to  the v a r ia tio n  in  lum inescent e f f ic ie n c y  
with concentration  o f  so lu te . These v a r ia tio n s are 
in terp reted  in  terms o f a general theory due to  ' 
Johnson and S il l ia w s . The system p-terpheny1-benzene 
was se lec te d  fo r  more d e ta iled  study and the absolute
^  ■ counting ra tes  obtained in  th is  medium vdien irrad ia ted
? - .y": /■: r , , ,
■ Ï by the gomnw rays from each o f  the f iv e  ra d io -iso to p es
already mentioned were measured. hhen a correction  
i s  applied  fo r  the e lec tro n s  sca ttered  in to  the medium 
from the w alls o f  the containing v e s s e l ,  the observed 
ra tes  are found to  be in  good agreement ^  th the c a l­
culated  ra tes o f production o f  secondary e lec tro n s.
I t  was observed in  th e  course  o f  th e  above s tu d i e s  
t h a t  bo th  pare  l i q u i d s  such as w a te r  and t r a n s p a re n t  
s o l i d s  such as Perspex lum inesce under gaimua i r r a d i a t i o n ,  
and t h i s  lum inescence i s  shown to  be o f te n  e x p l ic a b le  
in  terms o f  the  Oerenkov e r i e c t .  D e ta i le d  s tu d ie s  o f  
t h i s  e f f e c t  in  P erspex  were c a r r ie d  o u t ,  and the  
a a y u la r  d i s t r i b u t i o n s  and r e l a t i v e  i n t e n s i t i e s  o f  th e  
em iss ion  due to  each o f the  r a d io - i s o to p e s :  sodium^^,
c o b a l t  , bro.ùine and io d in e  were measured.60 60 161
Good agreement i s  o b ta in ed  between th e  observed r e s u l t s  
and the c l a s s i c a l  theo ry  due to  F rank end Tmm f o r  th e  
e f f e c t .
F in a l l y ,  ex p e rim en ta l  s tu d i e s  made on the lum ines­
cen t decay o f  a c o p p e r -a c t iv a te d  z in c  su lp h id e  phosphor 
o f  long a f te rg lo w  fo l lo w in g  e x c i t a t i o n  by garmna r a d i a ­
t i o n  from each o f  th e  f i v e  r a d io - i s o to p e s  mentioned 
a re  d e s c r ib e d .  The decay i s  shown to  be non-exponen­
t i a l  in  form, b u t p rov ided  th a t  c e r t a i n  p re c a u t io n s  a re  
observed , the  coun ting  r a t e  a t  a known tim e a f t e r  
i r r a d i a t i o n  can be r e l a t e d  to  the  gana^a r a d i a t i o n  f lu x  
th rough  the  phos ho r  d u r in g  th e  exposure .
The t h e s i s  ends w ith  a c r i t i c a l  d i s c u s s io n  o f  the 
experim en ta l r e s u l t s  and an assessm ent o f  t h e i r  im p l i ­
c a t io n s ,  to g e th e r  w ith  some su g g e s t io n s  f o r  f u tu r e  
r e s e a rc h  in  t h i s  f i e l d .  Four appendices a re  in c lu d ed :  
Appendix 1 c o n s i s t s  o f  t a b l e s  o f  l i n e a r  a b s o rp t io n  
c o e f f i c i e n t s  f o r  gamma r a d ia t io n  i n  v a r io u s  media.
The va lues  o f  th ese  c o e f f i c i e n t s  have been c a lc a l t e d  
by th e  a u th o r  and a re  r e q u ire d  f o r  th e  development 
and a p p l i c a t io n  o f  the  t h e o r e t i c a l  a n a ly s i s .
Appendix I I  g iv e s  va lues  o f  th e  ranges  o f  mono- 
e n e r g e t i c  e l e c t r o n s  i n  u n i t  d e n s i ty  m a te r ia l .
Appendix I I I  g iv e s  va lues  f o r  th e  maximum e n e rg ie s  
o f  th e  Compton r e c o i l  e l e c t ro n s  produced by gaiiiaa 
r a d i a t i o n  o f  v a r io u s  e n e rg ie s .  Appendix IV d e s c r ib e s  
i n  d e t a i l  the  method used f o r  c a l c u l a t i n g  th e  r a t e  
o f  p ro d u c tio n  o f  secondary e l e c t r o n s  i n  a luminophor 
o f  known com position  and d im ensions , s u b je c te d  to  a 
known f lu x  o f  gamma r a d ia t i o n .
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Sij)CTION 1 -  INTRODUCTION.
1 .  The s c i n t i l l a t i o n  c o u n t e r ,  w h ich  u s e s  a  p h o to ­
m u l t i p l i e r  tu b e  o r  s i m i l a r  d e v ic e  c o u p le d  t o  an 
a m p l i f i e r  and r e c o r d e r  t o  d e t e c t  t h e  sm a l l  l i g h t  
p u l s e s  p ro d u c e d  by i o n i s i n g  r a d i a t i o n s  i n  v a r i o u s  
m e d ia ,  h a s  fo u n d  i n c r e a s i n g  f a v o u r  i n  t h e  p a s t  
f i v e  y e a r s  a s  a s e n s i t i v e  i n s t r u m e n t  f o r  t h e  m e a su re ­
ment o f  g a m m a - ra d ia t io n .  I n  p a r t i c u l a r ,  f o r  
m e asu rem en ts  r e q u i r i n g  a  h ig h  s e n s i t i v i t y  t o  gamma- 
r a d i a t  io n  and a  low r e s o l v i n g  t i m e ,  t h i s  ty p e  o f  
c o u n te r  may be s u p e r i o r  to  t h e  more c o n v e n t io n a l  
d e v i c e s  a t  p r e s e n t  a v a i l a b l e  t o  t h e  p h y s i c i s t  -  t h e  
G e ig e r -L Ü l l e r  c o u n t e r ,  t h e  p r o p o r t i o n a l  c o u n t e r ,  
and t h e  i o n i s a t i o n  cham ber. I t  h a s  a l r e a d y  p ro v ed  
o f  v a lu e  i n  su c h  d i v e r s e  f i e l d s  o f  r e s e a r c h  a s  t h e  
s tu d y  o f  r a d i o - i s o t o p e  decay  sc h em e s , t h e  m easurem ent 
o f  e x t r e m e ly  s h o r t  t im e  i n t e r v a l s  i n  n u c l e a r  p r o c e s s e s ,  
and t h e  c l i n i c a l  d o s im e t r y  o f  r a d i o - i s o t o p e s ,  t o  
m e n tio n  b u t a  few  o f  i t s  a p p l i c a t i o n s .
The s c i n t i l l a t i o n  c o u n t e r  m ust h e re  be c l e a r l y  
d i s t i n g u i s h e d  from  t h e  ’’c r y s t a l  c o u n t e r s ” i n  w hich  
th e  c o n d u c t i v i t y  p u l s e s  in d u c e d  by i o n i s â t in g  r a d i a ­
t i o n s  in  p h o to - c o n d u c t in g  p h o s p h o r s  a r e  a m p l i f i e d
e l e c t r i c a l l y  and c o u n t e d .  Such c o u n t e r s  have been  
d e s c r i b e d  by Van H eerden  ( 1 9 4 5 ) ,  F r e r i c h s  and 
Warminsky ( 1 9 4 6 ) ,  J e n t s c h k e  ( 1 9 4 7 ) ,  W oo ld ridge  e t  
a l .  ( 1 9 4 7 ) ,  and a r e  t h e  s u b j e c t  o f  a  r e v ie w  by 
H o f s t a d t e r  (1949 a ,  b , ) ;  ,
S in c e  t h e  p u b l i c a t i o n  by K allm an  (1947  a ,  b ,  c )  
o f  t h e  f i r s t  r e p o r t s  o f  t h e  e x t e n s i o n  o f  t h e  s c i n ­
t i l l a t i o n  c o u n t in g  t e c h n iq u e  t o  t h e  m easurem ent o f  
g a m m a - ra d ia t io n ,  a  c o n s i d e r a b l e  volum e o f  l i t e r a t u r e  
d e s c r i b i n g  t h e  d e s ig n  and a p p l i c a t i o n  o f  t h e s e  
c o u n t e r s  h a s  a p p e a r e d .  The work so d e s c r i b e d  h a s  
b een  m a in ly  e m p i r i c a l  i n  n a t u r e ;  a t t e n t i o n  h a s  been  
d i r e c t e d  to w a rd s  t h e  d e v e lo p m e n t o f  im proved  
lu m in o p h o re  and t h e  c l a s s i f i c a t i o n  o f  t h e i r  p r o p e r t i e s ,  
r a t h e r  t h a n  to w a r d s  t h e  b e t t e r  u n d e r s t a n d i n g  o f  t h e  
p h y s i c a l  p r o c e s s e s  r e s p o n s i b l e  f o r  t h e  p r o d u c t i o n  o f  
s c i n t i l l a t i o n s  i n  c e r t a i n  m e d ia .  I n  an e x c e l l e n t  
r e v i e w ,  J o r d a n  and B e l l  (1 9 4 9 )  w r i t e ;  " I t  i s  d i f f i c u l t  
t o  s u rv e y  t h e  p u b l i s h e d  d a t a  and d e c id e  what p h o s p h o r s  
have t h e  h i g h e s t  e f f i c i e n c y .  Some i n v e s t i g a t o r s  have  
made m e asu rem e n ts  on pow dered c r y s t a l s ,  o t h e r s  on 
s i n g l e  c r y s t a l s .  A b s o lu te  e f f i c i e n c y  m easu rem en ts  
a r e  r a r e ;  u s u a l l y  t h e  p h o sp h o r  i s  com pared  t o
a n t h r a c e n e  o r  n a p h th a le n e . '"
I n  any m e a s u r in g  d e v ic e  f o r  g a m m a - r a d ia t io n ,  
and e s p e c i a l l y  i n  one t o  be u s e d  f o r  c l i n i c a l  
d o s im e t r y ,  a  know ledge  o f  a b s o l u t e  e f f i c i e n c y  i s  
o f  fu n d a m e n ta l  im p o r ta n c e .  I t  i s  d e s i r a b l e  
a lw a y s  t o  be a b l e  t o  r e l a t e  th e  o b s e rv e d  r e a d i n g s  
t o  t h e  a b s o l u t e  f l u x  o f  g a m m a - ra d ia t io n  th r o u g h  t h e  
s e n s i t i v e  volum e o f  t h e  i n s t r u m e n t .  The s t u d i e s  
d e s c r i b e d  i n  t h i s  t h e s i s  were a c c o r d i n g l y  i n i t i a t e d  
by Mayneord i n  1 9 4 8 , and e x te n d e d  by t h e  a u t h o r ,  i n  
an  e f f o r t  t o  e l u c i d a t e  t h e  p h y s i c a l  p r i n c i p l e s  o f  
s c i n t i l l a t i o n  c o u n t i n g .  The g e n e r a l  form  o f  t h e s e  
s t u d i e s  w i l l  be d e s c r i b e d  i n  s e c t i o n  1 . 3  b e lo w , b u t  
f i r s t  i t  w i l l  be o f  v a lu e  b r i e f l y  t o  r e v ie w  t h e  
s t a t e  o f  t h e  t e c h n i q u e  a t  t h e  t im e  t h e s e  s t u d i e s  
b e g a n ,  and i t s  p r o g r e s s  s i n c e  t h a t  t i m e .
2 .  SHORT HISTORICAL REVIEW; -
I t  was known t o  t h e  e a r l y  w o rk e r s  on r a d i o ­
a c t i v i t y  t h a t  a l p  h a -p  a r t  i d e s  p ro d u c e d  s c i n t i l l a t i o n s  
i n  many m a t e r i a l s .  I n  t h e  s p i n t h a r i s c o p e  o f  C rookes  
(1 9 0 3 )  and R e g e n e r  (1 9 0 8 )  t h i s  p r i n c i p l e  was u t i l i s e d  
t o  d e t e c t  su c h  p a r t i c l e s ,  t h e  f l a s h e s  p ro d u c e d  when
t h e y  im p in g ed  on a  z in c  s u lp h i d e  s c r e e n  b e in g  
o b s e rv e d  and c o u n te d  i n  a  l o w ^  pow er m ic ro s c o p e .  
R u th e r f o r d  (1 9 1 3 )  r e f e r s  f r e q u e n t l y  t o  su ch  
m e a su re m e n ts .  However, t h e  t e c h n i q u e  was t e d i o u s  
and r e s t r i c t e d  t o  low c o u n t in g  r a t e s ;  b e c a u se  o f  
t h i s ,  t h e  d e v ic e  was soon  t o  be ab andoned  i n  f a v o u r  
o f  t h e  p r o p o r t i o n a l  c o u n t e r .
B e c q u e re l  (1 8 9 9 )  was aw are t h a t  f a s t  e l e c t r o n s  
a l s o  e x e r t e d  lu m in e s c e n c e  i n  many m a t e r i a l s ,  b u t  i t  
was n o t  u n t i l  t h e  d ev e lo p m en t o f  a  s e n s i t i v e  
d e t e c t o r  i n  t h e  sh ap e  o f  t h e  p h o t o - m u l t i p l i e r  tu b e  
t h a t  t h e  s m a l l  s c i n t i l l a t i o n s  p ro d u c e d  by b e t a -  and 
g a m m a - ra d ia t io n  c o u ld  be i n d i v i d u a l l y  o b s e rv e d  and 
c o u n te d .  F o l lo w in g  t h e  work o f  Zw orykin and h i s  
c o -w o rk e rs  (1 9 3 6 )  and o f  A l l e n  (1 9 3 9 )  on s e c o n d a ry  
e l e c t r o n - m u l t i p l i e r s ,  and t h e  d i s c o v e r y  by G B r l ic h  
( 1 9 3 6 ) o f  t h e  a n t i m o n y - a l k a l i  p h o t o - s e n s i t i v e  
c a t h o d e ,  t h e  d e s ig n  o f  com pact p h o t o - m u l t i p l i e r  
t u b e s  o f  h ig h  g a i n  became p o s s i b l e .  I n  1940 t h e  
c o n s t r u c t i o n  o f  s u c h  a  tu b e  -  t h e  R .C .A . t y p e  931"^ -  
was d e s c r i b e d  by Rajchm an and S n y d e r .  T h i s  p h o to ­
m u l t i p l i e r  was t o  be t h e  p r o t o t y p e  o f  s e v e r a l  o t h e r s ,
su c h  a s  t h e  t y p e s  I  P 21 and I  P 2 8 ,  d i f f e r i n g  
from  i t  i n  s p e c t r a l  r e s p o n s e  and o v e r a l l  g a i n ;  
t h e  l a t t e r  have  b een  d e s c r i b e d  by M orton  and M i t c h e l l  
(19 4 8 )  and by Rodda ( 1 9 4 9 ) .  A l l  t h e s e  a r e  n i n e -  
s t a g e  p h o t o - m u l t i p l i e r s ,  h a v in g  t h e  p h o to - c a th o d e  
m ounted i n s i d e  t h e  g l a s s  e n v e lo p e .  More r e c e n t l y ,  
t e n -  and e l e v e n - s t a g e  t u b e s  o f  v a r i o u s  d e s ig n s  have 
become a v a i l a b l e ,  w h ich  have t h e  p h o to  c a th o d e  
d e p o s i t e d  on t h e  e n v e lo p e ,  p e r m i t t i n g  a  more 
e f f i c i e n t  o p t i c a l  c o u p l in g  be tw een  t h e  lu m in o p h o r  and 
t h e  p h o t o - s e n s i t i v e  s u r f a c e ;  ex a m p le s  o f  t h i s  mode 
o f  c o n s t r u c t i o n  a r e  t h e  R .C .A . t y p e  5819 and th e  
S .M . 1 .  ty p e  5311 .
The a p p l i c a t i o n  o f  t h e  p h o t o - m u l t i p l i e r  t o  t h e  
m easurem ent o f  v e r y  low l i g h t  l e v e l s  was d i s c u s s e d  
i n  d e t a i l  by SngstrBm  (1947 a ) ,  who em p h as ized  t h e  
n e c e s s i t y  f o r  c o o l i n g  t h e  tu b e  t o  low t e m p e r a t u r e s  
i n  o r d e r  t o  r e d u c e  t h e  d a rk  c u r r e n t  due t o  t h e r m i o n ic  
e m is s io n  from  t h e  p h o to - c a th o d e ,  i f  low  i n t e n s i t i e s  
o f  v i s i b l e  l i g h t  a r e  t o  be d e t e c t e d . The same a u t h o r  
d e s c r i b e d  a  s u i t a b l e  r e f r i g e r a t o r  u s i n g  l i q u i d  a i r  a s  
t h e  c o o l i n g  medium (B ngstrom  1947 b ) .
I n  1 9 4 5 , B lau  and D re y fu s  u se d  a  z in c  s u lp h i d e  
s c r e e n  i n  c o n j u n c t i o n  w i th  a  ty p e  931 A p h o t o - m u l t i p l i e r  
t o  d e t e c t  a l p h a - p a r t i c l e s , t a k i n g  t h e  change i n  c u r r e n t  
t h r o u g h  t h e  p h o t o - m u l t i p l i e r  a s  a  m e asu re  o f  t h e  
i n d i d e n t  r a d i a t i o n .  Two y e a r s  l a t e r  K allm ann  (1947 
a ,  h ,  c )  f i r s t  r e p o r t e d  t h e  e x t e n s i o n  o f  t h e  t e c h n iq u e  
t o  t h e  d e t e c t i o n  o f  g a m m a - ra d ia t io n ;  l i k e  B la u  and 
D r e y f u s ,  he u s e d  p o l y c r y s t a l l i n e  s c r e e n s  o f  lu m in o p h o rs ,  
b u t  showed t h a t  i n d i v i d u a l  s c i n t i l l a t i o n s , a m p l i f i e d  by 
t h e  p h o t o - m u l t i p l i e r ,  c o u ld  be o b s e rv e d  i n  an  o s c i l l o ­
scope  o r  c o u n te d  e l e c t r o n i c a l l y .  He i n v e s t i g a t e d  t h e  
b e h a v io u r  o f  z in c  s u l p h i d e , z in c  s i l i c a t e , c a lc iu m  
t u n g s t a t e  and n a p h th a le n e  t o  a l p h a - , b e t a - , and gamma- 
r a d i a t i o n ,  and fo u n d  n a p h th a le n e  t o  be t h e  m ost u s e f u l  
s u b s t a n c e  f o r  s c i n t i l l a t i o n  c o u n t i n g .  I n  t h e s e  
c o m p a ra t iv e  s t u d i e s ,  K allm ann  d i s t i n g u i s h e d  b e tw een :
( i )  t h e  " p h y s i c a l  l i g h t  y i e l d "  o f  t h e  lu m in o p h o r  -  
t h a t  i s ,  t h e  amount o f  l i g h t  p ro d u c e d  w i t h i n  t h e
lum in o p  h o r , and
( i i )  i t s  " t e c h n i c a l  l i g h t  y i e l d "  -  t h a t  i s ,  t h e  
amount o f  l i g h t  e m erg in g  from  t h e  lu m in o p h o r  l a y e r .
He showed t h a t  ( i i )  w i l l  u s u a l l y  be lo w e r  t h a n  ( i )  
b e c a u se  o f  a b s o r p t i o n  o f  l i g h t  w i t h i n  t h e  l a y e r  and  
s c a t t e r i n g  a t  t h e  f a c e s  o f  t h e  many s m a l l  c r y s t a l s
o f  w h ich  i t  i s  fo rm e d .  I t  i s  i n t e r e s t i n g  t o  
r e c o r d  t h a t  K allm ann  was u n a b le  t o  d e t e c t  any 
l i g h t  p u l s e s  from  c a lc iu m  t u n g s t a t e  i r r a d i a t e d  by 
g am m a-ray s , p r o b a b ly  b e c au se  he u s e d  pow dered 
m i n e r a l o g i c a l  sp e c im e n s  ( S c h e e l i t e )  o f  d o u b t f u l  
p u r i t y .
K a l lm a n n ’ s p i o n e e r  work was c o n f irm e d  by 
Coltm an and  M a r s h a l l  ( 1 9 4 7 ) ,  and by D e u ts c h  ( 1 9 4 7 ) ,  
and awakened g r e a t  i n t e r e s t .  I t  was soon r e a l i s e d  
t h a t  t h e  " t e c h n i c a l  l i g h t  y i e l d "  o f  t h e  lu m in o p h o r  
would be g r e a t l y  im proved i f  l a r g e  s i n g l e  c r y s t a l s  
c o u ld  be u se d  i n s t e a d  o f  p o l y c r y s t a l l i n e  s c r e e n s ;  
so began  a  s e a r c h  f o r  im proved  lu m in o p h o rs  t h a t  
c o u ld  be p ro d u c e d  a s  s i n g l e  c r y s t a l s .  Moon (1 9 4 8 )  
showed t h a t  p u re  c a lc iu m  t u n g s t a t e  i s  p a r t i c u l a r l y  
u s e f u l  i n  t h i s  r e s p e c t ,  and b e in g  a l s o  o f  h ig h  
d e n s i t y  and h ig h  mean a to m ic  number i s  p e c u l i a r l y  
s u i t e d  t o  t h e  d e t e c t i o n  o f  g a m m a - r a d ia t io n .  B e l l  
(1 9 4 8 )  i r r a d i a t e d  s i n g l e  e r y s t a l s  o f  p u re  a n t h r a c e n e  
w i th  t h e  g a m m a - ra d ia t io n  f rom  c o b a l t^ Q ,  and o b t a i n e d  
p u l s e s  t h r e e  t im e s  a s  l a r g e  a s  t h o s e  p ro d u ced  i n  
n a p h t h a l e n e .  H o f s t a d t e r  (1 9 4 8 )  a l s o  o b ta in e d  l a r g e  
p u l s e s  f ro m  t h a l l i u m - a c t i v a t e d  a l k a l i  h a l i d e  lu m in o p h o r s ,
8n o t a b l y  from  sodium  i o d i d e  c o n t a i n i n g  up t o  one 
p e r  c e n t  o f  t h a l l i u m  i o d i d e . Among t h e  o t h e r  
s u b s t a n c e s  recommended have been  l i t h i u m  f l u o r i d e  
(F a rm er  e t  a l . , -1 9 4 9 ) ,  cadmium t u n g s t a t e  ( G i l l e t t e , 
1 9 5 0 ) ,  s t i l bene ( G i t t i n g s  e t  a l . ,  1 9 4 9 ) ,  c h ry s e n e  
( S c h i l l i n g e r  e t  a l . ,  1 9 4 9 ) ,  p - t e r p h e n y l  ( H o f s t a d t e r ,  
L ie b s o n  and E l l i o t ,  1 9 5 0 ) ,  and d i p h e n y l a c e t y l e n e  
( R a v i l i o u s  e t  a l . ,  1 9 5 0 ) .  C om prehensive  s t u d i e s  
o f  t h e  r e l a t i v e  p r o p e r t i e s  o f  v a r i o u s  lu m in o p h o rs  
have been  c o n d u c te d  by K allm ann ( 1 9 4 9 ) ,  H o f s t a d t e r  
(1949 c )  and J o r d a n  and B e l l  ( 1 9 4 9 ) .
One o f  t h e  a d v a n ta g e s  o f  t h e  s c i n t i l l a t i o n  
c o u n t e r  o v e r  t h e  G e ig e r - M ü l le r  c o u n t e r  i s  i t s  s h o r t  
r e s o l v i n g  t i m e ;  t h i s  d e p e n d s  on t h e  t im e  r e q u i r e d  
f o r  t h e  l i g h t  t o  be e m i t t e d  by t h e  lu m in o p h o r  
f o l l o w i n g  t h e  p a s s a g e  th r o u g h  i t  o f  an i o n i s i n g  
p a r t i c l e .  The form  o f  t h e  d e c a y  o f  t h e  e m i t t e d  
l i g h t  i n  v a r i o u s  p h o s p h o rs  h a s  been  t h e  s u b j e c t  o f  
num erous i n v e s t i g a t i o n s  ( C o l l i n s ,  1948; M c In ty r e ,  
1949 ; E l l i o t  e t  a l . ,  1950 a ,  b ;  L ie b s o n  and E l l i o t ,  
1950; P o s t  and S h i r e n ,  1950 ; L undby , 1950; L ie b s o n  
e t  a l . ,  1950 ; M o r r i s h  and D e k k e r , 1 9 5 0 . )  I n  
g e n e r a l ,  t h e  d e c a y  o f  o r g a n ic  lu m in o p h o rs  a p p e a r s
9e x p o n e n t i a l  i n  fo rm  and v e r y  f a s t  ( d e c a y  t im e  <
0 .1  m i c r o s e c o n d s ) ,  w h e re a s  t h a t  o f  i n o r g a n i c  
lu m in o p h o r s  i s  o f t e n  n o n - e x p o n e n t i a l  and may o cc u p y  
h u n d r e d s  o f  m i c r o s e c o n d s .  E x am p les  o f  t h e  u s e  o f  
s c i n t i l l a t i o n  c o u n t e r s  u s i n g  o r g a n i c  lu m in o p h o r s  
a s  d e v i c e s  o f  s h o r t  r e s o l v i n g  t im e  a r e  f u r n i s h e d  
by t h e  work o f  de  B e n e d e t t i  e t  a l .  (1 9 4 8 )  and 
M c In ty re  (1 9 5 1 )  on t h e  m easu rem en t o f  s h o r t - l i v e d  
r a d i o i s o t o p e s ,  and  t h a t  o f  K r a u s h a a r  e t  a l .  (1 9 5 0 )  
on t h e  m eson d e c a y .
J o r d a n  and B e l l  (1 9 4 9 )  showed t h a t  t h e  a m p l i t u d e  
o f  t h e  l i g h t  p u l s e s  p ro d u c e d  i n  a  g iv e n  lu m in o p h o r  by 
m o n o e n e r g e t ic  s e c o n d a ry  e l e c t r o n s  i s  l i n e a r l y  p r o p o r ­
t i o n a l  t o  t h e  e n e rg y  o f  t h e  e l e c t r o n s .  They 
i n d i c a t e d  how t h i s  p r i n c i p l e  c o u ld  be u s e d  i n  t h e  
m e asu rem e n t o f  gamma- and b e t a - r a y  e n e r g i e s  i n  t h e  
" s c i n t i l l a t i o n  s p e c t r o m e t e r " .  T h i s  a p p l i c a t i o n  o f  
t h e  t e c h n i q u e  h a s  b een  e x te n d e d  by J o h a n s s o n  (1 9 5 0  a ,  
b ) ,  P r i n g l e  e t  a l .  (1 9 5 0  a ,  b ,  c ) ,  H o f s t a d t e r  and 
M c In ty r e  (1 9 5 0  a ,  b ,  c ,  d ,  e ) ,  and  C avanagh  ( 1 9 5 0 ) .
W hile  i t  was e a r l y  r e c o g n i s e d  t h a t  t h e  
s c i n t i l l a t i o n  c o u n t e r  c a n  g iv e  h i g h e r  a b s o l u t e  
c o u n t i n g  e f f i c i e n c i e s  t o w a r d s  g a m m a - r a d ia t io n  t h a n  
t h e  G e ig e r - M Û lle r  c o u n t e r ,  a  s a t i s f a c t o r y  d i s c u s s i o n
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o f  t h e  r e l a t i o n s h i p  b e tw e e n  t h e  o b s e r v e d  c o u n t i n g  
r a t e  and  t h e  g a m m a - r a d ia t io n  f l u x  t h r o u g h  t h e  
lu m in o p h o r  i s  y e t  t o  be p u b l i s h e d .  The g e n e r a l  
p r i n c i p l e s  o f  t h i s  r e l a t i o n s h i p  h av e  b een  i n d i c a t e d  
by M ayneord and B e lc h e r  (1 9 5 0  a ) ,  and  some a b s o l u t e  
m e a s u re m e n ts  on c a lc iu m  t u n g s t a t e  by M ayneord and 
B e l c h e r  (1 9 5 0  b )  and on p o ta s s iu m  i o d i d e  by B e lc h e r  
(1 9 5 0  a )  hav e  b ee n  r e p o r t e d .  S m e l t z e r  (1 9 5 0 )  h a s  
shown t h e  p r o p o r t i o n a l i t y  b e tw e e n  t h e  l i g h t  e m i s s io n  
o f  a  n a p h t h a l e n e  c r y s t a l  i r r a d i a t e d  by X - r a d i a t i o n  
i n  t h e  e n e r g y  r a n g e  0 .2 5  -  1 . 2  MeV. and t h e  d o s a g e  
r a t e  i n  r b n t g e n s / m i n u t e . H ow ever, he m e a su re d  t h e  
t o t a l  l i g h t  e m i s s io n  i n  t e r m s  o f  t h e  d i r e c t  c u r r e n t  
t h r o u g h  t h e  p h o t o - m u l t i p l i e r ,  and n o t  t h e  num ber o f  
s c i n t i l l a t i o n s  p r o d u c e d ;  f o r  t h i s  r e a s o n ,  h i s  
m e a s u re m e n ts  c a n n o t  p r o p e r l y  be d e s c r i b e d  a s  
s c i n t i l l a t i o n  c o u n t i n g .  R a m ie r  and F reedm an  (1950  
a ,  b )  s t u d i e d  t h e  c o u n t i n g  e f f i c i e n c y  o f  t h i n  
a n t h r a c e n e  c r y s t a l s  to w a r d s  low  e n e rg y  e l e c t r o n s  i n  
t h e  r a n g e  0 -  20 MeV. ,  and  showed t h a t  a  c o u n t i n g  
e f f i c i e n c y  o f  a lm o s t  100^. c o u ld  be a c h ie v e d  f o r  
e l e c t r o n  e n e r g i e s  g r e a t e r  t h a n  10 keV .
T u r n in g  now t o  t h e  d e s i g n  o f  p r a c t i c a l  c o u n t e r s ,
i t  was e a r l y  r e a l i s e d  t h a t  maximum s e n s i t i v i t y
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t o w a r d s  g a m m a - r a d ia t io n  can  o n ly  be a c h ie v e d  i f  s t e p s  
a r e  t a k e n  t o  r e d u c e  t h e  b a c k g ro u n d  c o u n t i n g  r a t e  due 
t o  t h e r m i o n i c  e m i s s io n  a t  t h e  c a th o d e  o f  t h e  p h o to ­
m u l t i p l i e r  t u b e .  T h i s  c a n  be a c h i e v e d  m ost e a s i l y  
by c o o l i n g ,  and w here  s u c h  a  m ethod  i s  a d o p t e d ,  i t  i s  
o f t e n  d e s i r a b l e  t o  l o c a t e  t h e  lu m in o p h o r  a t  a  d i s t a n c e  
f ro m  t h e  p h o t o - m u l t i p l i e r ,  p l a c i n g  a  " l i g h t  g u id e "  
b e tw e en  th e m  t o  c o n d u c t  t h e  e m i t t e d  l i g h t  t o  t h e  
p h o t o - c a t h o d e .  T h is  " l i g h t  g u id e "  may be a  h o l lo w  
t u b e  o f  h i g h l y  p o l i s h e d  m e t a l ,  b u t  m ore o f t e n  i s  a  
s o l i d  r o d  o f  p e r s p e x  o r  q u a r t z .  Such  a r r a n g e m e n t s  
have  b een  d e s c r i b e d  by B l i z a r d  and de B e n e d e t t i  ( 1 9 4 9 ) ,  
C a s se n  and C u r t i s  (1 9 4 9 )  and T im m erhaus e t  a l .  ( 1 9 5 0 ) ,  
and  a r e  v a l u a b l e  i n  t h e  d e s i g n  o f  p r o b e  u n i t s  and 
d i r e c t i o n a l  c o u n t e r s  f o r  t h e  " i n  v iv o "  l o c a l i s a t i o n  
o f  c l i n i c a l l y - a d m i n i s t e r e d  r a d i o - i s o t o p e s .  ( B e l c h e r  
and E v a n s ,  1 9 5 1 ) .
C o in c id e n c e  c o u n t e r s  have  a l s o  b een  d e s c r i b e d  
(M o rto n  and  R o b in s o n ,  1 9 4 9 ; K a llm an n  and  A c c a r d o , 1 9 5 0 ; 
W iegand , 1 9 5 0 )  w h ich  o b v i a t e  t h e  n e c e s s i t y  f o r  c o o l i n g  
t h e  p h o t o - m u l t i p l i e r  t u b e  i n  o r d e r  t o  r e d u c e  t h e  b a c k ­
g ro u n d  c o u n t i n g  r a t e .  I n  s u c h  a r r a n g e m e n t s , two
p h o t o - m u l t i p l i e r s  a r e  s t i m u l a t e d  by l i g h t  f rom  t h e
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same c r y s t a l ,  t h e i r  o u t p u t s  b e i n g  c o n n e c te d  t o  a  
c o i n c i d e n c e  c i r c u i t  s u c h  t h a t  o n ly  p u l s e s  a p p e a r i n g  
s i m u l t a n e o u s l y  a t  b o t h  p h o t o - m u l t i p l i e r  o u t p u t s  
r e g i s t e r  i n  t h e  r e c o r d e r .  A c o n s i d e r a b l e  im p ro v e ­
m ent i n  p e r f o rm a n c e  o v e r  t h a t  o f  a  s i n g l e  u n c o o le d  
tu b e  may be a c h ie v e d  i n  t h i s  w a y , b u t  b e c a u s e  o f  
random  c o i n c i d e n c e s  b e tw een  t h e  two t u b e s ,  t h e  
b a c k g ro u n d  o f  s u c h  a  c o u n t e r  i s  h i g h e r  t h a n  t h a t  
due  t o  a  s i n g l e  p h o t o - m u l t i p l i e r  c o o le d  i n  l i q u i d  
n i t r o g e n .
I n  c o n c l u s i o n ,  two r e c e n t  d e v e lo p m e n ts  o f  t h e  
s c i n t i l l a t i o n  c o u n t i n g  t e c h n i q u e  m ust be m e n t io n e d .  
The f i r s t  i s  t h e  u s e  o f  l i q u i d  l u m i n e s c e n t  m e d ia  
i n s t e a d  o f  s o l i d  lu m i n o p h o r s .  B e c a u se  o f  t h e  
d i f f i c u l t y  i n  g ro w in g  l a r g e  s i n g l e  c r y s t a l s  o f  
lu m i n o p h o r s ,  t h e  p o s s i b i l i t y  o f  u s i n g  g l a s s  c e l l s  
f i l l e d  w i th  l i q u i d s  i n  t h e i r  p l a c e  i s  an  a t t r a c t i v e  
o n e .  I n  1 9 4 9 ,  A geno , C h io z z o to  and Q u e r z o l i  demon­
s t r a t e d  lu m in e s c e n c e  i n  s o l u t i o n s  o f  n a p h t h a l e n e  i n  
x y l e n e  e x e r t e d  by g a m m a - r a d ia t io n ;  t h e i r  work l e d  t o  
t h e  s tu d y  o f  many l i q u i d  s y s t e m s .  R e y n o ld s  e t  a l .
( 1 9 5 0  a ,  b )  showed p - t e r p h e n y l  i n  x y le n e  t o  be a s  
e f f i c i e n t  a s  c r y s t a l l i n e  n a p h t h a l e n e .  K a llm ann  and
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F u r s t  (1 9 5 0 )  i n v e s t i g a t e d  a  v e r y  w ide  v a r i e t y  o f  
s o l u t i o n s ,  b u t  fo u n d  none s u p e r i o r  t o  p - t e r p h e n y l .  
B e l c h e r  (1 9 5 1 )  recom m ended - d i n a p h t h y l  i n  b e n z e n e  
a s  a  s c i n t i l l a t i n g  m edium . I t  seem s p r o b a b l e  t h a t
s t i l l  more e f f i c i e n t  l i q u i d  lu m in o p h o r s  w i l l  be 
d i s c o v e r e d  w i t h  t h e  f u r t h e r  s tu d y  o f  l i q u i d - s t a t e  
l u m i n e s c e n c e •
The o t h e r  new d e v e lo p m e n t  i s  t h e  u s e  by 
M a n d e v i l l e  and h i s  c o - w o r k e r s  (1 9 5 0  a ,  b ,  c ,  d ,  e ,  f )  
o f  a  p h o t o - s e n s i t i v e  G -e ig e r -M û lle r  t u b e  i n  p l a c e  o f  
a  p h o to - m u l t ip 3 i e r  t u b e  t o  d e t e c t  t h e  s c i n t i l l a t i o n s  
i n  t h e  lu m in o p h o r .  The l a t t e r  i s  c h o s e n  i n  t h i s  
c a s e  t o  e m i t  l i g h t ,  n o t  i n  t h e  r e g i o n  o f  maximum 
s p e c t r a l  s e n s i t i v i t y  o f  t h e  p h o t o - m u l t i p l i e r ,  b u t  
i n  t h e  n e a r  u l t r a - v i o l e t  p o r t i o n  o f  t h e  s p e c t r u m .
I t  seem s u n l i k e l y  t h a t  t h i s  t e c h n i q u e  can  g iv e  s u c h  
h i g h  s e n s i t i v i t i e s  t o w a r d s  g a m m a - r a d ia t io n  a s  t h e  
c o n v e n t i o n a l  s c i n t i l l a t i o n  c o u n t e r ,  and  t h e  a d v a n ta g e  
o f  s h o r t  r e s o l v i n g  t im e  i s  o f  c o u r s e  l o s t .  N e v e r ­
t h e l e s s ,  s i n c e  t h e  a s s o c i a t e d  e l e c t r o n i c  e q u ip m e n t  
i s  c o n s i d e r a b l y  s i m p l i f i e d ,  and  t h e  n e c e s s i t y  f o r  
c o o l i n g  o r  com plex  c o i n c i d e n c e  a r r a n g e m e n t s  t o  r e d u c e  
t h e  p h o t o - m u l t i p l i e r  b a c k g ro u n d  i s  o v e rc o m e , i t  may 
p ro v e  o f  v a l u e  i n  c e r t a i n  a p p l i c a t i o n s .
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3 .  PLAN OF TH ESIS.
I n  t h i s  t h e s i s ,  a  p h y s i c a l  t h e o r y  o f  t h e  
s c i n t i l l a t i o n  c o u n t i n g  o f  g a m m a - r a d ia t io n  w i l l  be 
d e v e l o p e d ,  and  e x p e r i m e n t a l  s t u d i e s  d e s ig n e d  t o  
t e s t  t h e  v a l i d i t y  o f  t h i s  t h e o r y  and t o  w id en  t h e  
sc o p e  o f  t h e  t e c h n i q u e  w i l l  be d e s c r i b e d .  I n  
s e c t i o n  I I ,  w h ic h  f o l l o w s  im m e d i a t e l y ,  t h e  g e n e r a l  
p r i n c i p l e s  o f  t h i s  t h e o r y  a r e  o u t l i n e d ;  s u b - s e c t i o n s  
d e a l  s u c c e s s i v e l y  w i t h : -
1 .  The b a s i c  p r i n c i p l e s  o f  s c i n t i l l a t i o n  
c o u n t i n g .
2 .  The c a l c u l a t i o n  o f  t h e  r a t e  o f  
p r o d u c t i o n  o f  s e c o n d a r y  e l e c t r o n s  
w i t h i n  t h e  l u m in o p h o r .
3 .  The e n e rg y  d i s t r i b u t i o n  o f  t h e  
s e c o n d a ry  e l e c t r o n s .
4 .  C u r r e n t  t h e o r i e s  o f  l u m i n e s c e n t  
e m i s s i o n .
5 .  The d e t e c t i o n  and  a m p l i f i c a t i o n  o f  
t h e  l i g h t  p u l s e s .
6 .  S t a t i s t i c a l  p r o c e s s e s  w i t h i n  t h e  
p h o t o - m u l t i p l i e r  t u b e .
S e c t i o n  I I I  d e a l s  w i t h  t h e  m e th o d s  and i n s t r u m e n t a t i o n  
u s e d  i n  t h e  e x p e r i m e n t a l  s t u d i e s .  S u b - s e c t i o n s  
d e s c r i b e  i n  d e t a i l ; -
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1 .  The p h o t o - m u l t i p l i e r  and lu m in o p h o r  
m o u n t in g s .
2 .  The a s s o c i a t e d  e l e c t r o n i c  e q u ip m e n t .
3 .  M ethods  o f  c a l i b r a t i o n  o f  t h e  
e l e c t r o n i c  e q l p m e n t .
4 .  The lu m in o p h o rs  i n v e s t i g a t e d .
5 .  The s o u r c e s  o f  g a m m a - r a d ia t io n  
u s e d  i n  t h e  s t u d i e s .
The e x p e r i m e n t a l  r e s u l t s  a r e  d e s c r i b e d  i n  s e c t i o n  
IV . The s u b - s e c t i o n s  a r e  d e v o te d  t o  t h e  f o l l o w i n g  
t o p i c s : -
1 .  S t a t i s t i c a l  s t u d i e s  on t h e  t y p e  
I  P 21 p h o t o - m u l t i p l i e r  t u b e .
2 .  P r e l i m i n a r y  e x p e r i m e n t s  w i t h  
c r y s t a l l i n e  l u m i n o p h o r s .
3 .  The m easu rem en t o f  a b s o l u t e  
c o u n t i n g  r a t e s  i n  c r y s t a l l i n e  
lu m i n o p h o r s .
4 .  The m easurem en t o f  p u l s e - h e i g h t  
d i s t r i b u t i o n s  i n  c r y s t a l l i n e  
l u m i n o p h o r s .
5 .  The m easu rem en t o f  t h e  v a r i a t i o n  
o f  e f f i c i e n c y  w i t h  t e m p e r a t u r e  
i n  c r y s t a l l i n e  l u m i n o p h o r s .
16
6 .  S p e c t r o g r a p h i c  s t u d i e s  on t h e  e m i s s i o n  
o f  v a r i o u s  l u m i n o p h o r s  u n d e r  gamma- 
r a d i a t i o n .
7 .  C o m p a ra t iv e  s t u d i e s  on l u m i n e s c e n c e  
i n d u c e d  i n  l i q u i d  l u m i n o p h o r s  by 
g a m m a - r a d i a t i o n .
8 .  The m easu rem en t  o f  a b s o l u t e  c o u n t i n g  
r a t e s  i n  l i q u i d  l u m i n o p h o r s .
9 .  S t u d i e s  on t h e  S e r e n k o v  e f f e c t  
i n  s c i n t i l l a t i o n  c o u n t e r s .
A c r i t i c a l  d i s c u s s i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s ,  
and  an  a s s e s s m e n t  o f  t h e i r  i m p l i c a t i o n s ,  t o g e t h e r  
w i t h  some s u g g e s t i o n s  f o r  f u t u r e  r e s e a r c h  i n  t h i s  
f i e l d ,  a r e  g i v e n  i n  S e c t i o n  V.
F o u r  a p p e n d i c e s  a r e  i n c l u d e d .  A p p en d ix  I  
c o n s i s t s  o f  t a b l e s  o f  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t s  
f o r  g a m m a - r a d i a t i o n  i n  a  w ide v a r i e t y  o f  l i q u i d  and 
s o l i d  m e d i a .  The v a l u e s  o f  t h e  c o e f f i c i e n t s  h av e  
b e e n  c a l c u l a t e d  by t h e  a u t h o r  a c c o r d i n g  t o  a  m ethod
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t o  be d e s c r i b e d  i n  s u b - s e c t i o n  I I . 2 ,  and a r e  r e q u i r e d  
f o r  t h e  d e v e lo p m e n t  and a p p l i c a t i o n  o f  t h e  t h e o r y  o f  
s e c t i o n  I I .  A p p en d ix  I I  g i v e s  v a l u e s  o f  t h e  r a n g e s  
o f  m o n o - e n e r g e t i c  e l e c t r o n s  i n  u n i t  d e n s i t y  m a t e r i a l  
f o r  v a r i o u s  e l e c t r o n  e n e r g i e s ;  t h e s e  a r e  d e r i v e d  
f ro m  t h e  c o l l e c t e d  d a t a  o f  Kamen ( 1 9 5 0 ) .  A p p en d ix  
I I I  g i v e s  v a l u e s  c a l c u l a t e d  by t h e  a u t h o r  f o r  t h e  
maximum e n e r g i e s  o f  t h e  Compton r e c o i l  e l e c t r o n s  
p r o d u c e d  by g a m m a - r a d i a t i o n  o f  v a r i o u s  e n e r g i e s .  I n  
A ppend ix  IV ,  t h e  method o u t l i n e d  i n  s u b - s e c t i o n  I I . 2 
f o r  c a l c u l a t i n g ,  t h e  r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y  
e l e c t r o n s  i n  a  lu m i n o p h o r  o f  known c o m p o s i t i o n  and 
d i m e n s i o n s  s u b j e c t e d  t o  a  known f l u x  o f  g a m m a - r a d i a t i o n  
i s  d e s c r i b e d  i n  d e t a i l .
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SECTION I I  -  GENERAL THEORSTICAL CONSIDERATIONS.
1 .  THE BASIC PRINCIPLES OF SCINTILLATION COUNTING.
I n  f i g u r e  1 ,  t h e  s c i n t i l l a t i o n  c o u n t e r  i n  i t s  
s i m p l e s t  fo rm  i s  shown d i a g r a m m a t i c a l l y . A lp h a - ^  
b e t a -  o r  g a m m a - r a d i a t i o n  i m p i n g e s  upon  a  l u m i n o p h o r  
A, w h ic h  may be a  s i n g l e  c r y s t a l ,  a  p o l y c r y s t a l l i n e  
s c r e e n ,  o r  a  c e l l  c o n t a i n i n g  a  l i q u i d  l u m i n o p h o r .  
W ith  a l p h a -  o r  b e t a - r a d i a t i o n ,  t h e  w ho le  o f  t h e  
e n e r g y  o f  t h e  i n c i d e n t  p a r t i c l e s  w i l l  n o r m a l l y  be 
d i s s i p a t e d  w i t h i n  t h e  l u m i n o p h o r ,  w h e r e a s  i n  t h e  
c a s e  o f  g a m m a - r a d i a t i o n ,  o n l y  t h e  e n e r g y  o f  t h e  
s e c o n d a r y  e l e c t r o n s  i s  so d i s s i p a t e d .  I t  i s  w i t h  
t h e  g a m m a - s c i n t i l l a t i o n  c o u n t e r  t h a t  t h e s e  s t u d i e s  
a r e  c o n c e r n e d .
The s e c o n d a r y  e l e c t r o n s  may be p r o d u c e d  i n  t h e  
lu m i n o p h o r  by t h e  p h o t o - e l e c t r i c  a b s o r p t i o n  p r o c e s s ,  
by Compton a b s o r p t i o n ,  o r  by e l e c t r o n - p o s i t r o n  p a i r  
p r o d u c t i o n .  I n  t h e  f i r s t  t y p e  o f  p r o c e s s ,  t h e  
s e c o n d a r y  e l e c t r o n s  c a r r y  a l m o s t  t h e  e n t i r e  e n e r g y  
o f  t h e  a b s o r b e d  gamma quan tum ; i n  t h e  s e c o n d ,  t h e y  
may h a v e  aiy e n e r g y  b e tw e e n  z e r o  and a  v a l u e  g i v e n  by 
t h e  e x p r e s s i o n   ^ ^  » where  fey i s  t h e
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e n e r g y  o f  t h e  a b s o r b e d  gamma-quantum i n  MeV; i n  t h e  
t h i r d  t y p e  o f  p r o c e s s ,  an e n e r g y  o f  ( i ) i s
s h a r e d  b e tw e e n  t h e  two members o f  t h e  e l e c t r o n - p o s i t r o n  
p a i r .  The mean e n e r g y  o f  t h e  s e c o n d a r y  e l e c t r o n s  i s  
t h u s  c o n s i d e r a b l y  l e s s  t h a n  t h e  e n e r g y  o f  t h e  
i n c i d e n t  g am m a -q u a n ta .
The s e c o n d a r y  e l e c t r o n s  p r o d u c e d  by a b s o r b e d  
g am m a-quan ta  t r a v e l  t h r o u g h  t h e  l u m i n o p h o r ,  l o s i n g  
e n e r g y  by c o l l i s i o n a l  e n c o u n t e r s ,  and  e x c i t i n g  
e l e c t r o n s  i n  t h e  l a t t i c e ,  o r  i n  t h e  m o l e c u l e s  o f  t h e  
l u m i n o p h o r ,  t o  h i g h e r  e n e r g y  s t a t e s .  E l e c t r o n s  i n  
e x c i t e d  s t a t e s  may t h e n  r e t u r n  t o  t h e  g ro u n d  s t a t e  
w i t h  t h e  e m i s s i o n  o f  v i s i b l e  l i g h t .  I n  many 
l u m i n o p h o r s ,  t h i s  e m i s s i o n  p r o c e s s  i s  a l m o s t  i n s t a n ­
t a n e o u s ;  i n  s u c h  c a s e s ,  e a c h  gamma-quantum a b s o r b e d  
w i l l  p r o d u c e  a  s i n g l e  s h o r t  s c i n t i l l a t i o n  c o n t a i n i n g  
many p h o t o n s  o f  v i s i b l e  l i g h t .  I n  o t h e r  l u m i n o p h o r s ,  
i n  w h ic h  e l e c t r o n - t r a p p i n g  l e v e l s  a r e  p r e s e n t , t h e  
e m i s s i o n  may o c c u r  a s  a  s low  p h o s p h o r e s c e n c e  l a s t i n g  
many m i n u t e s ,  and a  s i n g l e  a b s o r p t i o n  e v e n t  may 
p r o d u c e  many d i s c r e t e  s c i n t i l l a t i o n s ,  e a c h  c o n s i s t i n g  
o f  a  s i n g l e  p h o t o n  o f  v i s i b l e  l i g h t .  Betw een  t h e s e  
two e x t r e m e  t y p e s  o f  s y s te m  a r e  l u m i n o p h o r s  o f  
i n t e r m e d i a t e  t y p e ,  i n  w h ich  an a b s o r b e d  gamma-quantum
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p r o d u c e s  an i n i t i a l  s c i n t i l l a t i o n  f o l l o w e d  by a  
s low  p h o s p h o r e s c e n t  d e c a y .
I t  w i l l  be a p p a r e n t  t h a t  t h e  maximum a t t a i n a b l e  
e f f i c i e n c y  o f  t h e  s c i n t i l l a t i o n  c o u n t e r  t o w a r d s  
g a m m a - r a d i a t i o n  i s  l i m i t e d  by t h e  number o f  s e c o n d a r y  
e l e c t r o n s  r e l e a s e d ,  and h e n c e ,  by t h e  f r a c t i o n  o f  t h e  
i n c i d e n t  g am m a-q u an ta  a b s o r b e d  i n  t h e  l u m i n o p h o r .
The number o f  l u m i n e s c e n t  c e n t r e s  a c t i v a t e d ,  and 
h e n c e ,  t h e  t o t a l  i n t e n s i t y  o f  t h e  e m i t t e d  l i g h t ,  
d e p e n d s  u p o n  t h e  e n e r g y  o f  t h e  s e c o n d a r y  e l e c t r o n s ,  
w h ich  i n  t u r n  i s  r e l a t e d  t o  t h e  e n e r g y  o f  t h e  
i n c i d e n t  g a m m a - ra d ia t  i o n .
An o p t i c a l  s y s t e m  B, l i n k s  t h e  l u m i n o p h o r  t o  
t h e  p h o t o - c a t h o d e  o f  t h e  p h o t o - m u l t i p l i e r  t u b e  C.
T h i s  o p t i c a l  sy s t e m  may be a  **Perspex” l i g h t - g u i d e  , 
an  a r r a n g e m e n t  o f  l e n s e s  and  m i r r o r s ,  o r  a  c o m b i n a t i o n  
o f  b o t h  s y s t e m s .  I n  some c o u n t e r s ,  t h e  l u m i n o p h o r  i s  
p l a c e d  i n  d i r e c t  c o n t a c t  w i t h  t h e  p h o t o - m u l t i p l i e r  
e n v e l o p e .  W h a te v e r  be t h e  a r r a n g e m e n t  a d o p t e d ,  a  
f r a c t i o n  o f  t h e  l i g h t  p r o d u c e d  i n  t h e  l u m in o p h o r  
d e t e r m i n e d  by t h e  o p t i c a l  e f f i c i e n c y  o f  t h e  sy s t e m  
f a l l s  upon  t h e  p h o t o - c a t h o d e ,  and o f  t h e s e  i n c i d e n t  
l i g h t  q u a n t a ,  a  f r a c t i o n  d e t e r m i n e d  by t h e  quantum
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e f f i c i e n c y  o f  t h e  p h o t o - c a t h o d e  r e l e a s e  p h o t o ­
e l e c t r o n s  t h a t  a c t u a t e  t h e  p h o t o - m u l t i p l i e r .  T he  
a m p l i f i e d  p u l s e s  a t  t h e  p h o t o - m u l t i p l i e r  o u t p u t  a r e  
f e d  t o  a  l i n e a r  a m p l i f i e r  H ,  and t h e n c e  t o  a  r e c o r d i n g  
d e v i c e  B ,  w h ich  may be a  s c a l i n g  c o u n t e r ,  o r  a  r a t e -  
m e t e r .  & p o w er  u n i t  F m a i n t a i n s  t h e  r e q u i r e d  p o t e n ­
t i a l s  b e tw e e n  t h e  p h o t o - m u l t i p l i e r  d y n o d e s .
The a m p l i t u d e  o f  t h e  e l e c t r i c a l  p u l s e  a t  t h e  
a m p l i f i e r  o u t p u t  d e p e n d s  up o n  t h e  i n t e n s i t y  o f  t h e  
l i g h t  p u l s e  t h a t  p r o d u c e s  i t ,  b u t  i s  s u b j e c t  t o  
s t a t i s t i c a l  v a r i a t i o n s  due t o  e f f e c t s  i n  b o t h  t h e
o p t i c a l  s y s t e m  and  t h e  p h o t o - m u l t i p l i e r  t u b e .  The 
f r a c t i o n a l  s p r e a d  i n  p u l s e  h e i g h t  i n t r o d u c e d  i n  t h i s  
way i n c r e a s e s  a s  t h e  mean p u l s e  h e i g h t  d e c r e a s e s .
2 .  CALCULATION OF RATE OF PRODUCTION OF SECONDARY 
ELECTRONS WITHIN THE LUMINOPHOR.
The number o f  s e c o n d a r y  e l e c t r o n s  p r o d u c e d  p e r  
se c o n d  i n  a  l u m i n e s c e n t  medium o f  known a t o m ic  
c o m p o s i t i o n  and  l i n e a r  d i m e n s i o n s  i r r a d i a t e d  by a  
known f l u x  o f  g a m m a - r a d i a t i o n  can  be c a l c u l a t e d ,  
p r o v i d e d  t h a t  t h e  t o t a l  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t
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o f  t h e  medium t o w a r d s  g a m m a - r a d i a t  i o n  o f  t h e  
a p p r o p r i a t e  e n e r g y  i s  known (M ayneord  and B e l c h e r ,  
1 9 5 0 ) .  F o r  c o n s i d e r  a  l u m i n o p h o r  o f  c r o s s - s e c t i o n  
a  s q .  cm. and t h i c k n e s s  t  c m . ,  i r r a d i a t e d  by gamma- 
r a d i a t i o n  f ro m  a  s o u r c e  o f  s t r e n g t h  S m i l l i c u r i e s  
e m i t t i n g  1 gamma-r ay o f  e n e r g y  B y  MeV. p e r  d i s i n ­
t e g r a t i o n ,  and  d i s t a n t  x  cm s.  f ro m  t h e  f r o n t  f a c e  
o f  t h e  l u m i n o p h o r .  The number  o f  q u a n t a  i n c i d e n t  
upon  t h e  l u m i n o p h o r  p e r  se co n d  i s : -
P r o v i d e d  t h a t  x. i s  l a r g e  com pared  w i t h  t h e  d i m e n s i o n s  
o f  t h e  l u m i n o p h o r ,  t h e s e  may be c o n s i d e r e d  a s  f o r m i n g  
a  p a r a l l e l  beam o f  r a d i a t i o n ,  i n  w h ic h  c a s e  t h e  
num ber  o f  q u a n t a  a b s o r b e d  p e r  s e c o n d ,  and  h en c e  t h e  
r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y  e l e c t r o n s  i s : -
N .  . f  "  ( ' -  ) 2 . 1
^TT X-
w here  i s  t h e  t o t a l  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  
f o r  gamma r a d i a t i o n  o f  e n e r g y  (cy . Where e a c h  
s e c o n d a r y  e l e c t r o n  p r o d u c e s  a  s i n g l e  s c i n t i l l a t i o n ,  
a s  i n  t h e  f i r s t  c l a s s  o f  l u m i n o p h o r s  c o n s i d e r e d  i n  
s e c t i o n  I I . 1 a b o v e , t h i s  w i l l  a l s o  be t h e  r a t e  o f  
p r o d u c t i o n  o f  s c i n t i l l a t i o n s .
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Where t h e  e m i s s i o n  o f  t h e  s o u r c e  i s  n o t  
m o n o c h r o m a t i c ,  i t  i s  n e c e s s a r y  t o  c a l c u l a t e  
f o r  e a c h  s e p a r a t e  gamma-ray  e n e r g y ,  and  o b t a i n  
t h e  t o t a l  r a t e  by su m m at io n ,  m ak in g  a l l o w a n c e  f o r  
t h e  e m i s s i o n  p r o b a b i l i t y  o f  e a c h  t y p e  o f  gamma- 
quantum 2 -
N  = Z  ( I -  Py 2 . 2
where  jy  i s  t h e  mean number o f  g am m a-q u an ta  o f  
e n e r g y  Ey e m i t t e d  p e r  d i s i n t e g r a t i o n .  C o r r e c t i o n s  
f o r  i n t e r n a l  c o n v e r s i o n  must be i n c l u d e d  i n  j'y 
where  n e c e s s a r y .
The v a l u e s  o f  t h e  t o t a l  l i n e a r  a b s o r p t i o n  
c o e f f i c i e n t  f o r  a  medium o f  known d e n s i t y  and 
a to m ic  c o m p o s i t i o n  may be e v a l u a t e d  u s i n g  t h e  
r e l a t i o n s h i p : -
= n 'y  +  ^  TTy 2 . 3
where   ^ cr-y  ^IT  y , a r e  t h e  l i n e a r  a b s o r p t i o n
c o e f f i c i e n t s  f o r  p h o t o - e l e c t r i c  a b s o r p t i o n ,  t o t a l  
Compton a b s o r p t i o n ,  an d  p a i r  p r o d u c t i o n  r e s p e c t i v e l y .  
The c o e f f i c i e n t  cr^ s h o u ld  be c a r e f u l l y  d i s t i n g u i s h e d  
f ro m  t h e  c o e f f i c i e n t  f o r  Compton r e c o i l  ^ .
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The p a r t i a l  c o e f f i c i e n t s  ^  <or and I T ^  may 
^ Y ' Y Y
be c a l c u l a t e d  f rom  f i r s t  p r i n c i p l e s  f o r  gamma- 
r a d i a t i o n  o f  a  g i v e n  e n e r g y  u s i n g  t h e  t h e o r i e s  o f  
F o w le r  and  Hulme ( 1 9 3 5 ) ,  K l e i n  and  N i s h i n a  ( 1 9 2 9 ) ,  
and B e th e  and H e i t 1 e r  ( 1 9 3 4 ) ,  b u t  i n  v iew  o f  t h e  
c o m p l e x i t y  o f  s u c h  c a l c u l a t i o n s ,  i t  i s  p r e f e r a b l e  
t o  d e r i v e  t h e i r  v a l u e s  f ro m  t h e  c o r r e s p o n d i n g  
v a l u e s  f o r  a  medium whose a b s o r p t i o n  c o e f f i c i e n t s  
a r e  w e l l  e s t a b l i s h e d ,  e . g .  l e a d .  T h i s  may be done  
f o r  an  a b s o r b i n g  medium w h ic h  i s  a l s o  a  p u r e  a t o m i c  
s p e c i e s  u s i n g  t h e  r e l a t i o n s h i p s : -
' T  ^  T  - I n  . C  2 . 4
rPL  A m  ( T , /
c r  -  c r  
Y M Y Pk
PIr ' /C
w here  t h e  s u b s c r i p t s  ^  ^  / r e f e r  t o  t h e  a b s o r b i n g
medium and l e a d  r e s p e c t i v e l y ,  ^  i s  d e n s i t y  i n  
g m s . / c m 5 ,  A a to m ic  w e i g h t ,  and Z a t o m ic  n u m b e r .
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I t  w i l l  n o r m a l l y  be t h e  c a s e  t h a t  t h e  a b s o r b i n g  
medium w i l l  n o t  be a  p u r e  e l e m e n t ;  i t  i s  t h e n  
n e c e s s a r y  t o  sum t h e  e f f e c t s  due  t o  e a c h  c o n s t i t u e n t  
a t o m i c  s p e c i e s  c o n s i d e r e d  s e p a r a t e l y ,  w e i g h t i n g  e a c h  
a c c o r d i n g  t o  i t s  a t o m ic  a b u n d a n c e .  T h i s  p r o c e d u r e  
may be i l l u s t r a t e d  by c o n s i d e r i n g  t h e  c a s e  o f  c a l c i u m  
t u n g s t a t e , CaWO^:-
CaW0^2- D e n s i t y  6 . 0 6  g m s . / c m ^ , M o l e c u l a r  W e ig h t  288  
Pb 2-  D e n s i t y  1 1 . 3 5  g m s . / c m ^ .  A tom ic  W eight  2 0 7 . 2
^  C^vlO,_ ' p i r  II 3 5  ZS» L V S 2 /  \  /  V S2/  J
o  2 S L  n -y
Y fb
(T" = cr~
y  C0.VJ0 u-
'  O c r
- O 3 S O  i X y
I n  f i g u r e s  2 , 3 , 4  and  5 ,  v a l u e s  o f  , - v   ^ n -^  t r  
and  i T  c a l c u l a t e d  i n  t h i s  m a n n e r  f o r  gam m a-quantum  
e n e r g i e s  b e t w e e n  0 . 1  and  3 MeV. a r e  shown f o r
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c a l c i u m  t u n g s t a t e ,  p o t a s s i u m  i o d i d e ,  sod ium  i o d i d e  
and  b e n z e n e .  The v a l u e s  o f  o '  ^ 'T ^  and  t T  f o r  
l e a d ,  on  w h ic h  t h e s e  c a l c u l a t i o n s  a r e  b a s e d ,  h a v e  
a l l  w i t h  t h e  e x c e p t i o n  o f  t h o s e  f o r  'T  a t  gamma- 
quan tum  e n e r g i e s  be low  0 . 5  MeV. b e e n  o b t a i n e d  
f ro m  "The  S c i e n c e  and  E n g i n e e r i n g  o f  N u c l e a r  P o w er"  , 
Volume I ,  an d  a r e  a l s o  q u o t e d  by S i r i  ( 1 9 4 9 ) .  T h o s e  
f o r  f  a t  low  e n e r g i e s  a r e  due  t o  M ayneord  ( p r i v a t e  
com m unica t  i o n ) .
I n  A p p e n d ix  I ,  a r e  t a b u l a t e d  t h e  r e s u l t s  o f  
t h e s e  and  s i m i l a r  c a l c u l a t i o n s  f o r  n u m e ro u s  m a t e r i a l s  
whose l i n e a r  a b s o r p t i o n  c o e f f i c i e n t s  w ere  r e q u i r e d  
d u r i n g  t h e s e  i n v e s t i g a t i o n s .  V a l u e s  f o r  t h e  mean 
e n e r g y ,  , o f  t h e  s e c o n d a r y  e l e c t r o n s  p r o d u c e d
i n  t h e  m edium , e v a l u a t e d  f ro m  t h e  e x p r e s s i o n : -
2 . 7 .
"T'y -*■ (TTy -h T T  Y
h a v e  a l s o  b e e n  i n c l u d e d  i n  t h e s e  t a b l e s .
3 .  ENERGY DISTRIBUTION OF THE SBOONPARY ELECTRONS.
I t  was p o i n t e d  o u t  i n  s e c t i o n  I I . 1 t h a t  t h e  
s e c o n d a r y  e l e c t r o n s  p r o d u c e d  i n  a n  a b s o r b i n g  medium 
by g a m m a - r a d i a t i o n  a r e  n o t  m o n o - e n e r g e t i c .  T h o se
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t h a t  a r e  p r o d u c e d  by p h o t o - e l e c t r i c  a b s o r p t i o n  c a r r y  
t h e  w h o le  e n e r g y  o f  t h e  a b s o r b e d  gamma-quantum l e s s  
t h e  b i n d i n g  e n e r g y  o f  t h e  e j e c t e d  e l e c t r o n ;  s i n c e  
t h e  l a t t e r  i s  s m a l l  co m p ared  w i t h  f o r  E y  ^
0 . 1  MeV., t h e  p h o t o - e l e c t r o n s  may be as sum ed  a l l  t o  
h a v e  e n e r g y  E y  . The s e c o n d a r y  e l e c t r o n s  p r o d u c e d  
by Compton a b s o r p t i o n  may h av e  any  e n e r g y  b e t w e e n  
z e r o  and a  v a l u e  g i v e n  by g  The p a i r
p r o d u c t i o n  p r o c e s s ,  w here  i t  o c c u r s  ( E y  >  1 . 0 2  M e V . ) ,
p r o d u c e s  e l e c t r o n - p o s i t r o n  p a i r s  w i t h  a  t o t a l  e n e r g y  o f  
( E y  -  1 . 0 2 ) .  I t  may be a s s u m e d  t h a t  b o t h  members  o f  
t h e  p a i r  a r e  e q u a l l y  e f f i c i e n t  i n  a c t i v a t i n g  l u m i n e s c e n t  
c e n t r e s ,  and  e a c h  p a i r  may t h u s  be c o n s i d e r e d  e q u i v a l e n t  
t o  a  s i n g l e  s e c o n d a r y  e l e c t r o n  o f  e n e r g y  ( |H y  -  1 . 0 2 ) .  
The c o m p l e t e  s e c o n d a r y  e l e c t r o n  s p e c t r u m  due t o  mono­
c h r o m a t i c  g a m m a - r a d i a t i o n  t h e r e f o r e  c o n s i s t s  o f  two 
s h a r p  p e a k s  a t  Ey and ( Ey -  1 . 0 2 )  r e s p e c t i v e l y ,  and  a  
c o n t in u u m  e x t e n d i n g  f ro m  z e r o  t o  £ y
(T iT
The e x a c t  fo rm  o f  t h i s  c o n t in u u m  may be  d e r i v e d
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f r o m  a  c o n s i d e r a t i o n  o f  t h e  r e l a t i v i s t i c  t h e o r y  o f  
Compton s c a t t e r i n g  due  t o  K l e i n  an d  N i s h i n a  ( 1 9 2 9 ) .
T h ese  a u t h o r s  showed t h a t  t h e  i n t e n s i t y  o f  
s c a t t e r i n g  o f  g a m m a - r a d i a t i o n  o f  quan tum  e n e r g y  Ko 
by a  s i n g l e  f r e e  e l e c t r o n  a t  an  a n g l e  ^  t o  t h e  
d i r e c t i o n  o f  i n c i d e n t  r a d i a t i o n  i s  g i v e n  by  t h e  
e x p r e s s i o n : -
V,o ,
w h ere  </ = and  i s  t h e  i n t e n s i t y  o f  s c a t t e r i i g ,
by a  s i n g l e  e l e c t r o n  p r e d i c t e d  by t h e  c l a s s i c a l  
t h e o r y  o f  Thom son .  i s  g i v e n  by t h e  e x p r e s s i o n s -
^ ) 2 . 9 .
w here  I  i s  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  r a d i a t i o n ,
^  t h e  r a d i u s  o f  t h e  c i r c u m s c r i b i n g  s p h e r e  a t  t h e  
s u r f a c e  o f  w h ic h  t h e  s c a t t e r e d  i n t e n s i t y  i s  m e a s u r e d ,  
t h e  o t h e r  s y m b o ls  h a v i n g  t h e i r  c o n v e n t i o n a l  s i g n i f i ­
c a n c e  .
Hence f ro m  2 . 8  and 2 . 9 : -
^  ^6 ? ^  (» i  ' [ ■ 2 . 1 0 .
The t o t a l  p o w er  s c a t t e r e d  b e t w e e n  and  ( <p ^  Jicjy ) 
i s  t h e r e f o r e  g i v e n  by  t h e  e x p r e s s i o n : -
29
Z K r ^ S > n ( f , .  I f
U. , . - i
— X  ^ ^  S^nf  (  I - 4 -  ^  ^  )  (  I - I -  Z  2  2 , 1
] •cL ^  Tt,Ti> (A _—  ---------- ^   --------
( | - V c ^ ^ 4 ) ( l  c/. )
Now t h e  w e l l - k n o w n  t r e a t m e n t  o f  Compton ( 1 9 2 3 ) ,  
b a s e d  on  c o n s i d e r a t i o n s  o f  c o n s e r v a t i o n  o f  e n e r g y  
and momentum, shows t h a t  i f  an  i n c i d e n t  quan tum  
o f  e n e r g y  InV i s  s c a t t e r e d  a t  an  a n g l e  c/> , t h e
e n e r g y  o f  t h e  s c a t t e r e d  quan tum  ' , and  o f
t h e  s e c o n d a r y  e l e c t r o n ,  , w i l l  be  g i v e n  by t h e  
e x p r e s s i o n s : -
U '
h)!_____ 2 . 1 2
f I 4- 04-r->
k\) . oC ^  2 . 1 3 .
( I 4" 0^ «j4)
From 2 . 1 1 .  and  2 . 1 2 . ,  t h e  t o t a l  num ber  o f  q u a n t a  
s c a t t e r e d  p e r  e l e c t r o n  p e r  i n c i d e n t  quan tum  b e t w e e n  
t h e  l i m i t s  <l> and  ( <^ 4- ) i s  c l e a r l y : -
4-
2 . 1 4 .rn c L. (l j
T h i s  i s  a l s o  t h e  num ber  o f  s e c o n d a r y  e l e c t r o n s  
e m i t t e d  w i t h  e n e r g i e s  b e t w e e n  t h e  l i m i t s  and
( ^ - +  ) ,  w here  i s  o b t a i n e d  f ro m  2 . 1 3 s
F :!::!:!: :
marner
g
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JLE.
JL<p
ji<i>
= V>\)
( i - h  ^
Vl-\) . iJL <fi
. <i£.
2 . 1 5 .
From 2 . 1 4 .  and 2 . 1 5 ,  i t  f o l l o w s  t h a t : -
cU . k\l
| ( i  -f- c ^ ^ 4 )
cL. (j>
(l-f-
2 . 1 6
w here  i s  t h e  number  o f  s e c o n d a r y  e l e c t r o n s
e m i t t e d  p e r  e l e c t r o n  p e r  i n c i d e n t  quan tum  p e r  MeV.
h a v i n g  e n e r g i e s  b e tw e e n  t h e  l i m i t s  and  (£ , ,  -*• ) .
— 1
The c o r r e s p o n d i n g  e x p r e s s i o n  p e r  cm. i n  a -m edium  t h a t  
i s  a  p u r e  e l e m e n t  i s : -
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lo '0*2-3 • lo , % 2 . 1 7 .
R
When t h e  medium i s  n o t  a  p u r e  a t o m ic  s p e c i e s ,  t h e  
e f f e c t s  o f  t h e  v a r i o u s  a to m s  p r e s e n t  may be a d d e d  
i n  a  s i m i l a r  m anner  t o  t h a t  d e s c r i b e d  i n  s e c t i o n  I I . 2 .
I n  f i g u r e  6 ,  t h e  c a l c u l a t e d  d i s t r i b u t i o n s  o f  
s e c o n d a r y  e l e c t r o n s  i n  c a l c i u m  t u n g s t a t e  c o r r e s p o n d i n g  
t o  E y  = 0 . 5 ,  1 and 2 ( oL := 0 . 5 1 ,  1 . 0 2 ,  and  2 . 0 4  MeV.) 
a r e  show n.  A ch e ck  on t h e  a c c u r a c y  o f  t h e  c a l c u l a t i o n s  
i s  p r o v i d e d  by t h e  f a c t  t h a t
H<Ol .
AE = cr-
2 . 1 8 ,
Ü
:::: ÜH !ri ix:
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I n  T a b l e  I ,  t h e  v a l u e s  f o r  o b t a i n e d  by g r a p h i c a l  
i n t e g r a t i o n  o f  t h e  d i s t r i b u t  i o n s  o f  f i g u r e  6 a r e  
com pared  w i t h  t h e  d e r i v e d  v a l u e s  o b t a i n e d  f ro m  t h e  
d a t a  o f  f i g u r e  2 .  T h e r e  i s  s e e n  t o  be e x c e l l e n t  
a g r e e m e n t  b e tw e e n  t h e  .two s e t s  o f  f i g u r e s : -
T a b le  I
C a l c u l a t e d  V a l u e s  o f  ^  i n  C a lc iu m  T u n g s t a t e >
Method
(MeV. )
0 . 5 1 1 . 0 2 2 . 0 4
G r a p h i c a l  I n t e g r a t i o n  
Of D i s t r i b u t i o n  o f  Ng 0 . 4 6 0 . 3 4 0 . 2 3
C a l c u l a t i o n  f ro m  
V a lu e  f o r  Pb 0 . 4 6 0 . 3 4 0 . 2 3
I n  f i g u r e  7 ,  t h e  c o r r e s p o n d i n g  d i s t r i b u t i o n  
f o r  t h e  s e c o n d a r y  e l e c t r o n  s p e c t r u m  p r o d u c e d  i n  
c a l c i u m  t u n g s t a t e  by t h e  g a m m a - r a d i a t i o n  o f  c o b a l t g Q  
i s  show n. I n  t h i s  c a s e ,  t h e  c o m p l e t e  s p e c t r u m  
c o m p r i s e s  t h e  s u p e r i m p o s e d  e f f e c t s  o f  two gamma- 
quantum  e n e r g i e s  o f  1 . 1 6  and 1 . 3 2  MeV. r e s p e c t i v e l y .
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S t u d i e s  on  t h e  r a n g e - e n e r g y  r e l a t i o n s h i p  
o f  hom ogeneous  b e t a - r a d i a t i o n  i n  a b s o r b i n g  m e d ia  
( S c h o n l a n d ,  1 9 2 5 ;  M adgwick,  1 9 2 7 ;  M a r s h a l l  and 
Ward, 1 9 3 7 )  show t h a t  t h e  r a n g e  o f  m o n o - e n e r g e t i c  
e l e c t r o n s  i n  a  w ide  v a r i e t y  o f  m a t e r i a l s  i s  
l i n e a r l y  p r o p o r t i o n a l  t o  t h e i r  e n e r g y  o v e r  t h e  
e n e r g y  r a n g e  0 . 5  -  3 MeV. E x p e r i m e n t a l  d a t a  on  
t h i s  t o p i c ,  c o l l e c t e d  by Kamen ( 1 9 5 0 )  a r e  p r e s e n t e d  
i n  % p e n d i x  I I .  At e l e c t r o n  e n e r g i e s  be low  0 . 5  MeV.^ 
t h e r e  i s  some d e p a r t u r e  f ro m  l i n e a r i t y ,  b u t  o n l y  
be low  0 . 1  MeV. d o e s  t h e  n o n - p r o p o r t i o n a l i t y  o f  r a n g e  
and e n e r g y  become c o n s i d e r a b l e .  T h i s  i m p l i e s  t h a t  
t h e  l o s s  o f  e n e r g y  p e r  u n i t  l e n g t h  i s  c o n s t a n t  a l o n g  
t h e  t r a c k  o f  a n  e l e c t r o n ;  h e n c e  t h e  t o t a l  num ber  o f  
l u m i n e s c e n t  c e n t r e s  e x c i t e d  by a  s e c o n d a r y  e l e c t r o n  
t r a v e l l i n g  t h r o u g h  a  l u m i n e s c e n t  medium may be 
e x p e c t e d  t o  be p r o p o r t i o n a l  t o  t h e  r a n g e  o f  t h e  
e l e c t r o n  i n  t h e  medium, and  so t o  i t s  e n e r g y ,  p r o v i d e d  
t h a t  t h e  e l e c t r o n  i s  b r o u g h t  t o  r e s t  w i t h i n  t h e  vo lum e 
o f  t h e  l u m i n o p h o r . The t o t a l  i n t e n s i t y  o f  e m i t t e d  
l i g h t  due t o  a  s i n g l e  e l e c t r o n  s h o u l d  t h e r e f o r e  be  
l i n e a r l y  p r o p o r t i o n a l  t o  i t s  e n e r g y .  I f  t h i s  l i g h t
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i s  e m i t t e d  i n  t h e  fo rm  o f  a  s i n g l e  s c i n t i l l a t i o n  
o r  p u l s e  o f  s h o r t  d u r a t i o n ,  t h e  p u l s e  a m p l i t u d e  
d i s t r i b u t i o n  o f  a l l  t h e  s c i n t i l l a t i o n s  p r o d u c e d  
when g a m m a - r a d i a t i o n  i s  a b s o r b e d  by t h e  l u m i n o p h o r  
s h o u l d  c o r r e s p o n d  t o  t h e  e n e r g y  d i s t r i b u t i o n  o f  t h e  
s e c o n d a r y  e l e c t r o n s  d e v e l o p e d  a b o v e .
T h i s  s i m p l e  t r e a t m e n t  o f  t h e  p r o b l e m  i g n o r e s  
s u c h  e f f e c t s  a s  t h e  e s c a p e  o f  s e c o n d a r y  e l e c t r o n s  
f ro m  t h e  s e n s i t i v e  volume o f  t h e  l u m i n o p h o r  b e f o r e  
t h e y  have  e x p e n d e d  a l l  t h e i r  a v a i l a b l e  e n e r g y ,  t h e  
m u l t i p l e  s c a t t e r i n g  o f  g a m m a - r a d i a t i o n  w i t h i n  t h e  
l u m i n o p h o r ,  an d  r a d i a t i v e  e n e r g y  l o s s e s  by 
s e c o n d a r y  e l e c t r o n s .  A l l  t h e s e  e f f e c t s  w i l l  be 
shown i n  l a t e r  s e c t i o n s  m e a s u r e a b l y  t o  i n f l u e n c e  
t h e  e x p e r i m e n t a l  r e s u l t s .
4 .  CURRENT THEORIES OF LUMINESCENT EMISSION.
The d u r a t i o n  and i n t e n s i t y  o f  t h e  l u m i n e s c e n t  
e m i s s i o n  and  t h e  w a v e l e n g t h  o f  l i g h t  e m i t t e d  a f t e r  
a c t i v a t i o n  o f  t h e  l u m i n o p h o r  by a  s i n g l e  s e c o n d a r y  
e l e c t r o n  may v a r y  w i d e l y  w i t h  t h e  t y p e  o f  m edium. 
The n a t u r e  o f  t h e  l u m i n e s c e n t  p r o c e s s  i s  s t i l l  o n l y  
i n c o m p l e t e l y  u n d e r s t o o d ,  b u t  i t  w i l l  be o f  v a l u e  a t
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t h i s  p o i n t  b r i e f l y  t o  r e v i e w  t h e  c u r r e n t  t h e o r i e s  
r e g a r d i n g  s u c h  p r o c e s s e s  i n  t h e  l i g h t  o f  t h e i r  
a p p l i c a t i o n  t o  s c i n t i l l a t i o n  c o u n t i n g : -
C o n s i d e r  f i r s t  t h e  c o n d i t i o n s  f o r  l u m i n e s c e n c e  
t o  o c c u r  i n  c r y s t a l l i n e  s o l i d s .  The f i r s t  r e q u i s i t e  
i s  t h e  e x i s t e n c e  o f  c e r t a i n  l o c a l i t i e s  i n  t h e  c r y s t a l  
w here  r a d i a t i v e  p r o c e s s e s  c a n  t a k e  p l a c e  f o l l o w i n g
t h e  a b s o r p t i o n  o f  e n e r g y ;  t h e  s t r u c t u r e  o f  t h e s e  
l u m i n e s c e n t  c e n t r e s  p r o v i d e s  s h i e l d i n g  f ro m  l a t t i c e  
v i b r a t i o n s  w h ic h  w ou ld  o t h e r w i s e  rem ove  t h e  e n e r g y  
by t h e r m a l  d i s s i p a t i o n  ( P e i e r l s ,  1 9 3 2 ) .  I t  was 
shown by R a n d a l l  ( 1 9 3 9 )  t h a t  i n  some c a s e s ,  t h e s e  
c e n t r e s  c o u l d  be s p e c i f i e d ;  t h u s  i n  t h e  p u r e  t u n g s t a t e  
p h o s p h o r s ,  t h e  s e a t  o f  e m i s s i o n  i s  m ost  p r o b a b l y  t h e  
WO  ^ i o n .  The e l e c t r o n i c  t r a n s i t i o n s  r e s p o n s i b l e  f o r  
a b s o r p t i o n  and e m i s s i o n  i n  p u r e  c r y s t a l l i n e  l u m i n o p h o r e  
o f  t h i s  t y p e  h av e  b e e n  e x p l a i n e d  by S e i t z  ( 1 9 3 9 )  and 
von  H ip p e l  ( 1 9 3 6 )  i n  a  t h e o r y  b a s e d  on g r a p h i c a l  
r e p r e s e n t a t i o n  o f  t h e  p o t e n t i a l  e n e r g i e s  o f  t h e  n o r m a l  
and e x c i t e d  s t a t e s  o f  t h e  l u m i n e s c e n t  c e n t r e  i n  te rm s ,  
o f  some c o n f i g u r a t i o n a l  c o - o r d i n a t e  o f  t h e  c e n t r e .  
S i m i l a r  m e th o d s  h a v e  b een  a d o p t e d  by Bowen ( 1 9 4 6 )  and
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by W eiss  ( 1 9 4 2 )  t o  e x p l a i n  t h e  l u m i n e s c e n c e  o f  p u r e  
o r g a n i c  s u b s t a n c e s  s u c h  a s  a n t h r a c e n e  i n  t h e  s o l i d  
s t a t e .  I n  p u r e  l u m i n o p h o r e  o f  t h e s e  t y p e s ,  i n  
w h ich  t h e  l u m i n e s c e n t  p r o c e s s  i s  c o n f i n e d  t o  t h e  
e m i s s i o n  c e n t r e ,  t h e  e m i s s i o n  i s  u s u a l l y  o f  v e r y  
s h o r t  d u r a t i o n ,  and  shows an e x p o n e n t i a l  d e c a y  o f  
i n t e n s i t y  w i t h  t ime'} t h e  p r e s e n c e  o f  s m a l l  am o u n ts  
o f  i m p u r i t i e s  i s  s u f f i c i e n t  s e v e r e l y  t o  r e d u c e ,  i f  
n o t  c o m p l e t e l y  t o  q u en c h  t h e  e m i s s i o n  o f  v i s i b l e  
l i g h t .  The b e h a v i o u r  o f  s u c h  s y s t e m s  i s  c a p a b l e  
o f  r e l a t i v e l y  p r e c i s e  t h e o r e t i c a l  t r e a t m e n t .
Only  a  few s o l i d s  ho w ev e r  a r e  l u m i n e s c e n t  i n  
t h e  p u r e  s t a t e ,  and  i n  t h e  m a j o r i t y  o f  l u m i n o p h o r e  
t h e  l u m i n e s c e n t  c e n t r e s  c o n s i s t  o f  i m p u r i t y  a to m s  o r  
m o l e c u l e s  p r e s e n t  i n  t h e  m a t r i x  l a t t i c e ,  t h e  l u m i n ­
e s c e n c e  p r o c e s s  i n v o l v i n g  m o t i o n  o f  e l e c t r o n s  i n  t h e  
m a t r i x  b e tw e e n  a b s o r p t i o n  and  e m i s s i o n .  Such  m a t e r i a l s  
o f t e n  show p h o t o - c o n d u c t i v i t y ;  t h e  e m i s s i o n  o f  l i g h t  
may p e r s i s t  f o r  many s e c o n d s  a f t e r  an  a b s o r p t i o n  e v e n t , 
and r a r e l y  o b e y s  a  s im p le  e x p o n e n t i a l  d e c a y  l a w .
E xam ples  o f  l u m i n o p h o r s  o f  t h i s  c l a s s  a r e  t h e  a l k a l i
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h a l i d e s  a c t i v a t e d  by t h e  a d d i t i o n  o f  s m a l l  am o u n ts  
o f  t h a l l i u m ,  and z i n c  s u l p h i d e  a c t i v a t e d  by c o p p e r .
The t h e o r e t i c a l  m ode l  b e s t  s u i t e d  t o  e x p l a i n  
t h e  b e h a v i o u r  o f  s u c h  l u m i n o p h o r s  was f i r s t  d e v e l o p e d  
by J o h n s o n  ( 1 9 3 9 )  f o r  z i n c  s u l p h i d e  p h o s p h o r s ,  and i s  
b a s e d  on t h e  zone t h e o r y  o f  s o l i d s  o r i g i n a l l y  p o s t u ­
l a t e d  by B l o c h  ( 1 9 2 8 ) .  T h i s  a u t h o r  showed t h a t  w h e r e a s  
i n  an i s o l a t e d  a tom t h e  e n e r g y  s t a t e s  c o n s i s t  o f  d i s c r e t e  
l e v e l s  d e f i n e d  by S c h r B d i n g e r *s e q u a t i o n  and s e p a r a t e d  
by r e g i o n s  o f  f o r b i d d e n  e n e r g i e s ,  when s u c h  a to m s  o r  
i o n s  a r e  a r r a n g e d  i n  a  c r y s t a l  l a t t i c e ,  t h e i r  l e v e l s  
a r e  d i s t u r b e d  by m u t u a l  i n t e r - a c t i o n . As a  r e s u l t ,
t h e  d i s c r e t e  s t a t e s  o f  i s o l a t e d  a to m s  a r e  b r o a d e n e d  
i n t o  b an d s  o f  a l l o w e d  e n e r g y , s e p a r a t e d  by b a n d s  o f  
f o r b i d d e n  e n e r g y ,  t h i s  s y s te m  o f  b a n d s  b e a r i n g  l i t t l e  
r e s e m b l a n c e  t o  t h e  o r i g i n a l ,  a r r a n g e m e n t  o f  a t o m i c  
l e v e l s .  I n  p h o t o - c o n d u c t i n g  p h o s p h o r s ,  t h e  b a n d s  
e x t e n d  t h r o u g h o u t  t h e  c r y s t a l  l a t t i c e ,  so t h a t  e l e c t r o n s  
c a n  t r a v e l  t h r o u g h  t h e  l a t t i c e  w i t h o u t  r e q u i r i n g  any  
a c t i v a t i o n  e n e r g y  t o  do s o .  I n  an i n s u l a t o r ,  t h e  
a l l o w e d  b a n d s  f o r  e l e c t r o n s  a r e  e i t h e r  c o m p l e t e l y  
o c c u p i e d  o r  c o m p l e t e l y  em pty ;  i n  o r d e r  t o  p r o d u c e  
p h o t o - c o n d u c t i v i t y ,  e l e c t r o n s  must  be r a i s e d  f ro m  a
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f u l l  band  t o  a  h i g h e r  em pty  b an d  -  u s u a l l y  r e f e r r e d  
t o  a s  a  c o n d u c t i o n  b a n d .
When t h e  p e r i o d i c i t y  o f  t h e  c r y s t a l  l a t t i c e  i s  
d e s t r o y e d  o r  d i s t u r b e d  by l a t t i c e  d e f e c t s  o r  t r a c e s  
o f  i m p u r i t i e s ,  a d d i t i o n a l  and  u s u a l l y  d i s c r e t e  
e l e c t r o n  l e v e l s  a r e  p r o d u c e d , w h ic h  may l i e  i n  t h e  
r e g i o n  b e tw e e n  t h e  h i g h e s t  f i l l e d  band  an d  t h e  
c o n d u c t i o n  b a n d .  S uch  an  e n e r g y - l e v e l  schem e i s  
shown i n  f i g u r e  8 w h ic h  r e p r e s e n t s  an  i m p u r i t y -  
a c t i v a t e d  p h o t o - c o n d u c t i n g  p h o s p h o r .  B e tw een  t h e  
f i l l e d  band  F ,  and  t h e  c o n d u c t i o n  b an d  C , l i e  
a d d i t i o n a l  a l lo w e d  l e v e l s , L and  L^, shown h e r e  a s  
d i s c r e t e ;  t h e s e  r e p r e s e n t  t h e  n o r m a l  an d  e x c i t e d  
s t a t e s  r e s p e c t i v e l y  o f  t h e  i m p u r i t y  l u m i n e s c e n t  
c e n t r e s .  O th e r  l a t t i c e  d i s t u r b a n c e s  p r o v i d e  e x t r a  
l e v e l s  T ^ ,  I 2 * j u s t  b e lo w  t h e  b o t to m  o f
t h e  c o n d u c t i o n  b a n d .  When t h e s e  a r e  u n o c c u p i e d ,  
t h e y  may c a p t u r e  e l e c t r o n s  f ro m  t h e  l a t t e r  b a n d ,  
and  b e c a u s e  o f  t h i s  p r o p e r t y ,  t h e y  a r e  r e f e r r e d  t o  
a s  " e l e c t r o n - t r a p s " . A t l e a s t  tw o p o s s i b l e  m odes 
o f  a c t i v a t i o n  o f  t h i s  s y s te m  a r e  p o s s i b l e ,  v i z : -
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( 1 )  A b s o r p t i o n  a t  t h e  l u m i n e s c e n t  c e n t r e s  
f o l l o w e d  by  a lm o s t  i n s t a n t a n e o u s  e m i s s i o n  -  t h i s  i s  
t h e  same p r o c e s s  a s  h a s  a l r e a d y  b e e n  d e s c r i b e d  f o r  
p u r e  c r y s t a l l i n e  p h o s p h o r s .
( 2 )  A b s o r p t i o n  i n  t h e  m a t r i x  w i t h  t h e  e l e v a ­
t i o n  o f  a n  e l e c t r o n  t o  t h e  c o n d u c t i o n  bsind . T he 
r e s u l t i n g  " p o s i t i v e  hole*" may w a n d e r  t h r o u g h  t h e  
f i l l e d  band u n t i l  i t  i s  f i l l e d  f ro m  a  n o r m a l  
l u m i n e s c e n t  c e n t r e .  The e l e c t r o n  t r a v e l s  t h r o u g h  
t h e  c o n d u c t i o n  band  u n t i l  i t  i s  c a p t u r e d  by an  
em pty e x c i t e d  l u m i n e s c e n t  c e n t r e . E m is s io n  t h e n  
o c c u r s  a s  a b o v e ,  b u t  may be d e l a y e d  by t h e  t r a p p i n g  
and  e v e n t u a l  r e l e a s e  o f  t h e  e l e c t r o n  by e l e c t r o n  
t r a p p i n g  l e v e l s .  I n  v ie w  o f  t h e  low  a c t i v a t o r  
c o n c e n t r a t i o n s , a b s o r p t i o n  i n  t h e  m a t r i x  c e r t a i n l y  
p r e d o m in a t e s  u n d e r  c o n d i t i o n s  o f  gamma—e x c i t a t i o n .
T h e r e  i s  some e v i d e n c e  t h a t  a  t h i r d  p r o c e s s  
d e s c r i b e d  by F r e n k e l  ( 1 9 3 1 )  may o c c u r ,  i n  w h ic h  
e l e c t r o n s  ^ e  e l e v a t e d  f ro m  t h e  f i l l e d  t o  t h e  co n ­
d u c t i o n  b a n d ,  b u t  r e m a in  bound t o  t h e i r  p o s i t i v e  
h o l e s .
T h i s  m o d e l h a s  b e e n  u s e d  s u c c e s s f u l l y  by
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R a n d a l l  and  W i lk in s  ( 1 9 4 5 )  and G a r l i c k  an d  G ib s o n  
( 1 9 4 6 ,  1 9 4 8 )  t o  e x p l a i n  t h e  p h o s p h o r e s c e n t  d e c a y  
o f  many i m p u r i t y  a c t i v a t e d  p h o s p h o r s .  I n  g e n e r a l  
a  l o n g  p e r i o d  p h o s p h o r e s c e n c e  i s  a  d i s a d v a n t a g e  i n
a  lu m in o p h o r  t o  be u s e d  i n  s c i n t i l l a t i o n  c o u n t i n g ,  
and  i t  i s  d e s i r a b l e  t h a t  t h e  p e r i o d  o f  p h o s p h o r e s c e n t
d e c a y  s h o u ld  be s m a l l  com pared  w i t h  t h e  r e s o l v i n g  
t im e  o f  t h e  r e c o r d i n g  d e v i c e  u s e d .  B u t ,  a s  s u g g e s t e d  
by M ayneord and  B e lc h e r  ( 1 9 5 0 a ) ,  i n  c e r t a i n  a p p l i c a ­
t i o n s  i t  m ig h t  be p o s s i b l e  t o  u s e  t h e  p h o s p h o r e s c e n c e  
o f  a  lu m in o p h o r  o f  v e r y  l o n g  d e c a y  t i m e  a s  a  m e a s u r e  
o f  r a d i a t i o n  f l u x ,  bu o b s e r v i n g  t h e  c o u n t i n g  r a t e  
a t  a  f i x e d  t i m e  i n t e r v a l  a f t e r  t h e  en d  o f  t h e  
e x c i t a t i o n  p e r i o d .
I n  f i g u r e  8 ,  t h e  n o rm a l  and  e x c i t e d  s t a t e s  o f  
t h e  l u m i n e s c e n t  c e n t r e s  h a v e  b e e n  d e p i c t e d  a s  d i s c r e t e  
l e v e l s , b u t  more p r o b a b l y  t h e y  s h o u l d  be t h e m s e l v e s  
draw n a s  band  s t r u c t u r e s .  The s p e c t ru m  o f  t h e  e m i t t e d  
l i g h t  i s  t h u s  n o t  s h a r p ,  b u t  f o rm s  a  d i f f u s e  b an d
o
e x t e n d i n g  o v e r  100 A o r  m ore o f  w a v e le n g th ;  t h i s  i s  
t r u e  f o r  b o th  p u r e  and i m p u r i t y - r a c t i v a t e d  l u m i n o p h o r s .  
I n  c h o o s in g  a  lu m in o p h o r  f o r  a  s c i n t i l l a t i o n  c o u n t e r ,  
i t  i s  a d v i s a b l e  t o  s e l e c t  a  s u b s t a n c e  whose e m i s s i o n
c o r r e s p o n d s  a s  n e a r l y  a s  p o s s i b l e  t o  t h e  p ea k  s p e c t r a l  
s e n s i t i v i t y  o f  t h e  p h o t o - m u l t i p l i e r  t u b e  t o  be u s e d .
y i i i
m inil BiiiHi!! IHS m«
Mowitimii
40
I n  t h e  c a s e  o f  t h e  R . 0 .À . t y p e  I  P 21 p h o t o - m u l t i p l i e r ,  
u s e d  t h r o u g h o u t  t h e s e  s t u d i e s ,  t h i s  maximum s e n s i t i v i t y
o
w i l l  be s e e n  f ro m  f i g u r e  9 t o  o c c u r  a t  4200  4  •
I n  t a b l e  I I ,  t h e  m ore i m p o r t a n t  c h a r a c t e r i s t i c s  
o f  t h e  lu m in o p h o r s  u s e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n s  
a r e  l i s t e d ;  t h e  d a t a  shown h av e  b e e n  c o l l e c t e d  f ro m  
t h e  p u b l i s h e d  r e p o r t s  o f  J o r d a n  and B e l l  ( 1 9 4 9 )  $
K a llm a n n  ( 1 9 4 9 ) ,  and  H o f s t a d t e r  ( 1 9 5 0 ) .  I n  t h i s  
t a b l e ,  t h e  v a l u e s  f o r  r e l a t i v e  l i g h t  y i e l d  r e f e r  t o  
t h e  t o t a l  l i g h t  e m i s s i o n ,  a n t h r a c e n e  b e i n g  c o n s i d e r e d  
a s  u n i t y ;  t h e  v a l u e s  a r e  u n c o r r e c t e d  f o r  t h e  r e s p o n s e  
o f  t h e  p h o t o - m u l t i p l i e r  t u b e ,  ( t y p e  5 3 1 9 ) .  O n ly  t h e  
m ore i m p o r t a n t  p e a k s  i n  t h e  e m i s s i o n  and  a b s o r p t i o n  
s p e c t r a  hav e  b e e n  i n d i c a t e d .  The d e c a y  c o n s t a n t s
-  ^/-r
q u o te d  a r e  t h o s e  w h ich  a p p e a r  i n  t h e  e x p r e s s i o n  ^  ,
i f  an  e x p o n e n t i a l  l u m i n e s c e n t  d e c a y  i s  a s s u m e d .
M
H
0)
E4
0}
p
0
s
•H
1
(0
0
•H
0
p
O
U
P,
w
I
G
0
Pi
H-HO 
0  OO S  P4'-^
-P G 
•H O
0 
A
-P*o
§ s
"ëPoo a  H 
0 o X
p o - ^
-p (à
•H A
^  P 0 O 
> <H 
*H
-P T) _aSHP 
H 0 
0 -H Pî >4
0
H
O
•H
S
p G
•H S 
M +»^ 0 04^ H 0 '^
.leg*
%4
5
A
I
I
r4 i
O
0
GH >> • 0 0 r-pP +3 -H 0 »P 0 'P P 
O >a P -H O P 0 CO 
dJ ü p -p
tn
CMrov
H
+3
p 0 'p 
0 H >s 0 
rH Co f—f P 
r4 "P ri «ri 
0 0 0 
O >5 0 -pP 0 A O k O
0
+3 OP 0nO 0 
0  rH 0  0  
rH 0  P PrH -P -H 0 < 
0 0 ri 
>>4? H P rû 0 ü O *P
0
Ü
M
g*o
A
O
H
?
OJ
00LfS
H
tn
vo
o
O
m
o
oo
H
0 
td
*ë
tiOO 
H PSs 0 p 0 O eho
•rl
ü
'H
H
s
E4
lA
CM
P o Oo G -P vo <-•H P 0 tA tA•P M O CM CM0 O•p o #% #%O 0 ^ O O0 A 0 D- PA^  CO -p 00 enco CM CM
-0
y O-P
-P 
0
^ y
ü O 
0 »rl
P^ ;P 4H 0 
0-P<H -P 
O 0  -H A 
dj t:5 O
p
•rH
0
l i
0  O 
 ^ >s 0
O H n:» G 
•H 0  *H 
^  «P P A O 0 ‘H rû 
O 0  0  P Cb 4^ +» 0
t-
HCM §
\o PA l>- lA lA
o H VD CM rH• • • • #
MO PA PA H H
lA^CM
• MOo OM
+IO +i?-K^  P- O —x^CM—"
•  •
rH
O
*
Vû
lAO O CM
• • «CM rH O
■s
O 
0 m 
•p O
Tf"5-Pcnt
Oo oo olA
tA
♦P 
0
I
•H
•P 
ü
0 A M W
0 0
I
I
•rl
HH
•P
0
t>
rH
0  -P «P «p M 
^  O O O 0  
E4 0  CO H
0
§
0  O
0P
0
*0
X[ 00
1=1
ÎS50
42
5 .  DETECTION AND AMPLIFICATION OF THE LIGHT PULSES.
I t  h a s  been  shown i n  s e c t i o n  I I . 3 .  t h a t  a  
s e c o n d a ry  e l e c t r o n  r e l e a s e d  and b r o u g h t  t o  r e s t  i n  
a  lu m i n e s c e n t  medium w i l l  c a u s e  t h e  e m i s s i o n  o f  a  
num ber o f  l i g h t  q u a n t a  p r o p o r t i o n a l  t o  i t s  i n i t i a l  
e n e r g y .  Owing t o  t h e  quantum  n a t u r e  o f  t h e  e m i s s i o n  
p r o c e s s ,  t h e  e x a c t  num ber o f  q u a n ta  e m i t t e d  by a  
g iv e n  s e c o n d a ry  e l e c t r o n  w i l l  be s u b j e c t  t o  s t a t i s t i c a l  
v a r i a t i o n s ,  b u t  su p p o se  t h a t  t h e  mean num ber p ro d u c e d  
by s e c o n d a ry  e l e c t r o n s  o f  e n e rg y  i s  . I f  t h e
a v e ra g e  o p t i c a l  e f f i c i e n c y  o f  t h e  sy s te m  i s  , t h e n  
( rvjj. ) q u a n t a  w i l l  be i n c i d e n t  u p o n  t h e  p h o to ­
m u l t i p l i e r  c a t h o d e .  I f  t h e  mean quantum  e f f i c i e n c y  
o f  t h e  l a t t e r  f o r  l i g h t  o f  t h e  w a v e le n g th  c o n c e r n e d  i s
, t h e n  ( m , . ^  ^ ) p h o t o - e l e c t r o n s  w i l l
be r e l e a s e d  t h e r e .
Now i t  h a s  b een  d e m o n s t r a te d  by M o rton  and 
M i t c h e l l  (1 9 4 8 )  t h a t  n o t  a l l  t h e  p h o t o - e l e c t r o n s  
r e l e a s e d  a t  t h e  p h o to - c a t h o d e  a r r i v e  a t  t h e  f i r s t  
d y n o d e ; a  p r o p o r t i o n ,  d e p e n d in g  on t h e  a r e a  o f  t h e  
c a th o d e  i r r a d i a t e d ,  i s  l o s t  b e c a u s e  o f  p o o r  
f o c u s s i n g .  I f  t h e  f r a c t i o n  t h a t  d o e s  a r r i v e  i s  
d e s i g n a t e d  by , and i f  t h e  m u l t i p l i e r  h a s  n
s t a g e s  and  an  i n t e r - s t a g e  g a i n  o f  t h e n  t h e  a v e r a g e
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t o t a l  num ber o f  e l e c t r o n s  a r r i v i n g  a t  t h e  c o l l e c t o r  
f o l l o w i n g  t h e  r e l e a s e  o f  a  s i n g l e  s e c o n d a r y  e l e c t r o n  
o f  e n e rg y  i n  t h e  lu m in o p h o r  i s s -
iM l o f  t h e  q u a n t i t i e s  i n  t h i s  e x p r e s s i o n  w i t h  t h e  
e x c e p t i o n  o f  n  a r e  s u b j e c t  t o  s t a t i s t i c a l  v a r i a t i o n  
w h ich  w i l l  be c o n s i d e r e d  i n  t h e  n e x t  s e c t i o n .  F i r s t  
i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  fo rm  o f  t h e  o u t p u t  
p u l s e  r e s u l t i n g  f ro m  t h e  a r r i v a l  o f  t h i s  c h a rg e  a t  t h e  
p h o t o - m u l t i p l i e r  c o l l e c t o r .
R e f e r e n c e  t o  t a b l e  I I  shows t h a t  t h e  d u r a t i o n  o f  
t h e  l i g h t  p u l s e  i n  t h e  lu m in o p h o r  may be a s  s h o r t  a s  
10""^ s e c o n d s  ( a n t h r a c e n e )  o r  a s  l o n g  a s  10  ^ s e c o n d s  
( p o ta s s iu m  i o d i d e ) .  Papp  (1 9 4 8 )  and  M o rto n  (1 9 4 9 )
s t a t e  t h e  r e s o l v i n g  t im e  o f  a  I  P 21 p h o t o - m u l t i p l i e r
- 9t o  be o f  t h e  o r d e r  o f  10 s e c o n d s ,  and t h u s  i t  i s  
p r o b a b l e  t h a t  i t  w ould  r e s o l v e  t h e  i n d i v i d u a l  q u a n t a  
a r r i v i n g  a t  t h e  p h o t o - c a t h o d e  d u r i n g  a  s i n g l e  s c i n t i l l a t i o n .  
C harge  would t h u s  a r r i v e  a t  t h e  c o l l e c t o r  i n  a  s u c c e s s i o n  
o f  d i s c r e t e  p a c k e t s  e a c h  c o r r e s p o n d i n g  t o  t h e  r e l e a s e  o f  
a  s i n g l e  p h o t o - e l e c t r o n  a t  t h e  p h o t o - c a t h o d e .  However 
i t  i s  n o t  t o  be e x p e c te d  t h a t  t h e s e  p a c k e t s  w ould  be
. : :::: :
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r e s o l v e d  by t h e  l i n e a r  a m p l i f i e r  and  r e c o r d i n g  s y s t e m .
The fo rm  o f  t h e  f i n a l  p u l s e  a t  t h e  a m p l i f i e r  
o u t p u t  i s  d e t e r m in e d  by t h e  fo rm  and  d u r a t i o n  o f  t h e  
o r i g i n a l  s c i n t i l l a t i o n ,  t h e  e f f i c i e n c y  o f  t h e  o p t i c a l  
s y s t e m ,  and t h e  r e s o l v i n g  t i m e s  o f  t h e  p h o t o - m u l t i p l i e r  
and a m p l i f i e r .  T h e s e  e f f e c t s  a r e  shown q u a l i t a t i v e l y  
i n  f i g u r e  1 0  ( a f t e r  M a r s h a l l ,  C o ltm an  and  B e n n e t t  ( 1 9 4 8 ) .
Owing t o  t h e  random  d i s t r i b u t i o n  o f  l i g h t  q u a n t a  
d u r i n g  a  s i n g l e  s c i n t i l l a t i o n ,  an  e x a c t  m a t h e m a t i c a l  
a n a l y s i s  o f  t h e  fo rm  o f  t h e  o u t p u t  p u l s e  i s  d i f f i c u l t .
An a p p ro x im a te  t r e a t m e n t  can  be  g i v e n  w here  t h e  lu m in o p h o r  
shows no d e la y e d  p h o s p h o r e s c e n c e  due t o  e l e c t r o n  t r a p p i n g  
l e v e l s ,  i f  i t  i s  assum ed t h a t  c h a r g e  a r r i v e s  u n i f o r m l y  a t  
t h e  p h o t o - m u l t i p l i e r  c o l l e c t o r  d u r i n g  t h e  d u r a t i o n  o f  t h e  
s c i n t i l l a t i o n  -  a  r e a s o n a b l e  a s s u m p t io n  p r o v i d e d  t h a t  t h e  
q u a n t i t y  ( i s  l a r g e  ( >  1 0 ) .
I n  t h i s  c a s e ,  t h e  a n a l y s i s  o f  W ynn-W illiam s and Ward 
(1 9 5 1 )  shows t h a t  i f  c h a r g e  a r r i v e s  u n i f o r m l y  a t  t h e  
c o l l e c t o r  d u r i n g  a  s c i n t i l l a t i o n  l a s t i n g  f ro m  t i m e  0 
u n t i l  t im e  T ,  t h e n  t h e  p o t e n t i s i l  V t  a c r o s s  t h e  a m p l i f i e r  
i n p u t  a t  an  i n s t a n t  t; ( <  T )  i s  g i v e n  b y : -
t  - r  /
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w here  cy i s  t h e  t o t a l  c h a rg e  a r r i v i n g  d u r i n g  t h e  
p u l s e ,  and R c .  i s  t h e  t im e  c o n s t a n t  o f  i n t e g r a t i o n  
o f  t h e  i n p u t  c i r c u i t .  The p o t e n t i a l  a t  an  i n s t a n t  
( > T  ) i s  g i v e n  b y : -
V , ,  .  , . 2 0 .
The maximum p o t e n t i a l  a c r o s s  t h e  a m p l i f i e r  
i n p u t  i s  t h u s : -
^  2 . 2 1 .
and i f  t h e  v o l t a g e  g a i n  o f  t h e  a m p l i f i e r  i s  ,
t h e  a m p l i tu d e  R-^ o f  t h e  p u l s e  a t  t h e  a m p l i f i e r  
o u tp u t  i s : -
2 .2 2 .
w here  i s  o f  c o u r s e  g iv e n  b y : -
^  *^ 3 ^^4. ' r^r>
I f  t h e  d u r a t i o n  o f  t h e  s c i n t i l l a t i o n  i s  s h o r t  
com pared w i t h  t h e  t im e  c o n s t a n t  o f  t h e  a m p l i f i e r  
( T  < <  R c  ) ,  t h i s  r e d u c e s  t o : -
A .  .  5 3
c_ 2 . 2 3 .
I t  w i l l  be s e e n  t h a t  i n  a l l  c a s e s ,  t h e  p r o p o r ­
t i o n a l i t y  b e tw e en  f \  and i s  p r e s e r v e d .  F o r
s c i n t i l l a t i o n s  o f  e q u a l  d u r â t  i o n , t h e  a m p l i tu d e  o f
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t h e  o u tp u t  p u l s e  i s  a lw a y s  p r o p o r t i o n a l  t o  t h e  c h a r g e  
a r r i v i n g  a t  t h e  p h o t o - m u l t i p l i e r  c o l l e c t o r ,  and  h e n c e  
t o  t h e  e n e r g y  o f  t h e  s e c o n d a r y  e l e c t r o n  i n  t h e  lu m in o ­
p h o r ,  s u b j e c t  o n ly  t o  t h e  s t a t i s t i c a l  v a r i a t i o n s  t o  be  
c o n s id e r e d  i n  t h e  s e c t i o n  t h a t  f o l l o w s #  A m ore 
d e t a i l e d  a n a l y s i s  o f  l i n e a r  p u l s e  a m p l i f i e r s  h a s  b e e n  
g iv e n  by G i l l e s p i e  (1 9 4 7 ,  1 9 4 8 ) .
6 .  STATISTICAL PROCESSUS WITHIN THE PHOTO-MULTIPLIER 
TUBE.
I t  h a s  b ee n  shown t h a t  t h e  mean a m p l i tu d e  o f  
o u tp u t  p u l s e s  p ro d u c e d  i n  a  s c i n t i l l a t i o n  c o u n t e r  by 
m o n o - e n e r g e t i c  s e c o n d a ry  e l e c t r o n s  r e l e a s e d  i n  t h e  
lu m in o p h o r  i s  p r o p o r t i o n a l  t o  t h e  e n e r g y  o f  t h e  s e c o n d a r y  
e l e c t r o n s .  H ow ever, b e c a u s e  o f  t h e  s t a t i s t i c a l  v a r i a t i o n s  
a l r e a d y  m e n t io n e d ,  t h e  o u t p u t  p u l s e  a m p l i tu d e  d i s t r i b u t i o n s  
p ro d u c e d  by g a m m a - ra d ia t io n  may be v e r y  d i f f e r e n t  t o  t h e  
s e c o n d a ry  e l e c t r o n  e n e rg y  d i s t r i b u t i o n  o f  f i g u r e s  6 and  7 .
The p ro b le m  o f  d e t e r m i n i n g  t h e  m a g n i tu d e  o f  t h e s e  
s t a t i s t i c a l  e f f e c t s  i s  s e e n  t o  be t h a t  o f  c o m b in in g  t h e  
s u c c e s s i v e  d i s t r i b u t i o n s  due  t o  v a r i a t i o n s  i n  t h e  num ber 
o f  l i g h t  q u a n t a  p ro d u c e d  i n  t h e  lu m in o p h o r ,  i n  t h e  
o p t i c a l  e f f i c i e n c y  o f  t h e  s y s t e m ,  i n  t h e  quantum  e f f i c i e n c y  
o f  t h e  p h o t o - c a t h o d e ,  i n  t h e  num ber o f  e l e c t r o n s  l o s t
47
b e tw e en  t h e  c a th o d e  and  t h e  f i r s t  d y n o d e ,  and  i n  t h e  
g a i n  o f  e a c h  s t a g e  o f  t h e  p h o t o - m u l t i p l i e r .
P ro b le m s  i n v o l v i n g  'S u c c e s s iv e  p r o b a b i l i t y  d i s ­
t r i b u t i o n s  o f  t h i s  n a t u r e  may be c o n v e n i e n t l y  t r e a t e d  
by t h e  u s e  o f  t h e  a p p r o p r i a t e  " p r o b a b i l i t y  g e n e r a t i n g  
f u n c t i o n s " . T hese  f u n c t i o n s  a r e  t h e  s u b j e c t  o f  a  
p a p e r  by J B rg e n s e n  (1 9 4 8 )  and t h e i r  p r o p e r t i e s  h a v e  
b een  e x c e l l e n t l y  sum m arised  by S e i t z  and  M ü l l e r  ( 1 9 5 0 ) ;  
u s e  i s  made o f  them  i n  t h e  w ork o f  b o t h  M orton  and  
M i t c h e l l  ( 1 9 4 8 )  and S a u t e r  ( 1 9 4 9 ) .
B r i e f l y ,  i f  i n  any  s e r i e s  o f  o b s e r v a t i o n s ,  
i s  t h e  p r o b a b i l i t y  t h a t  any  one o b s e r v a t i o n  y i e l d s  a  
s c o r e  o f  n  , t h e n  a  f u n c t i o n  d e f i n e d  b y ; -
' p , H - .................-+ . 2 . 2 4 .
w here i s  a  '**h ilfbuchs’t a b e ” and c a n  t a k e  any a r b i t r a r y  
v a l u e ,  i s  te rm e d  a  p r o b a b i l i t y  g e n e r a t i n g  f u n c t i o n  f o r  
I t  c a n  be shown t h a t : -
^ = Po I F  ( '  )  = I
2 . 2 5 .
and  t h a t  i f  m , V , a r e  t h e  mean an d  v a r i a n c e  o f  a  s e r i e s  
o f  s i n g l e  o b s e r v a t i o n s  d e f i n e d  b y s -
i t  can  be f u r t h e r  shown t h a t  : -
f
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rn 2 .2 6
X = /
dlF
t J 2 . 2 7 .
I*- -  (
d:.c^ -+- cn —
F o r  a  P o i s s o n  d i s t r i b u t i o n ,  d e f i n e d  b y : -
f -  -  e
w h e r e i s  t h e  mean v a l u e  o f  n  o v e r  a l l  t h e  o b s e r v a t i o n s ,  
t h e  a p p r o p r i a t e  g e n e r a t i n g  f u n c t i o n  i s : -
M ( >t -  * >
F (,c ) = ^
w h e n c e :-
^  2 . 2 8 .
F o r  a  s im p le  c h o ic e  b e tw e e n  tw o a l t e r n a t i v e s ,  e . g .  
t o s s i n g  a  c o i n ,  t h e  a p p r o p r i a t e  g e n e r a t i n g  f u n c t i o n  i s : -
F  ( ) -  ( 1 ) -+ p:>c
w here p i s  t h e  p r o b a b i l i t y  o f  o b t a i n i n g  a  " h i t "  , w h en ce :
p  , 2 .2 9  •
The u s e f u l n e s s  o f  p r o b a b i l i t y  g e n e r a t i n g  f u n c t i o n s  
i s  s t i l l  f u r t h e r  i n c r e a s e d  by t h e  f o l l o w i n g  p r o p e r t i e s .
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S uppose  t h a t  i n s t e a d  o f  m ak ing  one o b s e r v a t i o n ,  
two a r e  made; t h e n  t h e  p r o b a b i l i t y  o f  m ak in g  a  
t o t a l  s c o r e  o f  r> i s  o f  c o u r s e : -
po po -+ p(o-. ) p, px ^ P" F
T h is  i s  s e e n  t o  be t h e  c o e f f i c i e n t  o f  i n  t h e
e x p a n s io n  of F (x )  , w h ich  i s  t h u s  t h e  g e n e r a t i n g
f u n c t i o n  a p p r o p r i a t e  t o  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
f o r  tiD o b s e r v a t i o n s .  We can  e x t e n d  t h i s  p r i n c i p l e  
t o  o b t a i n  t h e  d i s t r i b u t i o n  f o r  t h r e e ,  f o u r ,  o r  m ore 
o b s e r v a t i o n s .  F o r  -i- o b s e r v a t i o n s ,  t h e  g e n e r a t i n g  
f u n c t i o n  w i l l  b e : -
2 . 3 0 .
and i f  a r e  t h e  mean and  v a r i a n c e  f o r  i- ^ .
o b s e r v a t i o n s ,  i t  f o l l o w s  t h a t
^  = w  2 . 3 1 .
w here m , v , a r e  t h e  mean and  v a r i a n c e  f o r  s i n g l e  
o b s e r v a t i o n s  o f  t h e  same t y p e .
C o n s id e r  now t h e  c a s e  o f  tw o s u c c e s s i v e  
p r o b a b i l i t y  d i s t r i b u t i o n s ,  e a c h  e v e n t  o f  t h e  f i r s t  
t y p e  b e in g  s u c c e e d e d  by one  o f  t h e  s e co n d  t y p e .
T he a p p r o p r i a t e  g e n e r a t i n g  f u n c t i o n  c a n  be shown 
t o  be # —
F ,  2 . 3 2 .
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w here  r  , ( x )  , a r e  t h e  g e n e r a t i n g
f u n c t i o n s  f o r  t h e  two d i s t r i b u t i o n s  c o n s i d e r e d  
i n d i v i d u a l l y ;  t h i s  i s  c l e a r  i f  we w r i t e  F ,  
i n  t h e  f o r m ; -
o   / 2 _
ïy  (x) p,'xF<^) -+ pi, F  (x) -k . -4^ po
w here  i s  d e f i n e d  b y z -
^   pr*
o
■ > «_
I t  w i l l  be s e e n  t h a t  t h e  t e r m  i n  ^ ^  ( ^ )  w h ic h  
r e p r e s e n t s  t h e  g e n e r a t i n g  f u n c t i o n  f o r  a  s e t  o f  
n  s i m i l a r  o b s e r v a t i o n s  o f  t h e  se c o n d  t y p e  
i s  w e ig h te d  by t h e  f a c t o r  p>^ w h ic h  i s  t h e  
p r o b a b i l i t y  t h a t  a  s i n g l e  o b s e r v a t i o n  o f  t h e  f i r s t  
t y p e  w i l l  g i v e  a  s c o r e  o f  n  ♦
From t h i s  i t  f o l l o w s  t h a t  i f  M > V  , a r e  
t h e  mean and  v a r i a n c e  o f  t h e  com bined  d i s t r i b u t i o n  
due t o  two s u c c e s s i v e  t y p e s  o f  e v e n t ,  t h e n ; -
P A -  I ^=>^1 , 2 . 3 3 .
w here  m ,  , • v,  ^ a r e  t h e  m eans and
v a r i a n c e s  f o r  s i n g l e  o b s e r v a t i o n s  o f  e a c h  ty p e  
c o n s i d e r e d  s e p a r a t e l y .  T h i s  p r i n c i p l e  can  
o b v i o u s l y  be e x te n d e d  t o  a c c o u n t  f o r  any  num ber o f
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s u c c e s s i v e  d i s t r i b u t i o n s ;  f o r  - r  d i s t r i b u t i o n s ,  
t h e  a p p r o p r i a t e  g e n e r a t i n g  f u n c t i o n  w i l l  b e : -  '
F  , ( *  ( F r  ' ) 2 . 3 4 .
One may now a p p ly  t h e  r e l a t i o n s h i p s  d ed u c ed  a b o v e  
t o  t h e  s c i n t i l l a t i o n  c o u n t e r .  One m ust f i r s t  d e c i d e  
what a r e  t h e  g e n e r a t i n g  f u n c t i o n s  a p p r o p r i a t e  t o  e a c h  
d i s t r i b u t i o n  in v o lv e d  i n  t h e  p r o d u c t i o n  o f  t h e  p u l s e  
a t  t h e  p h o t o - m u l t i p l i e r  o u t p u t  ; t h e s e  d i s t r i b u t i o n s  
w i l l  t h e r e f o r e  be c o n s i d e r e d  i n  t u r n : -
I f  t h e  p r o d u c t i o n  o f  l i g h t  q u a n t a  i n  t h e  lu m in o p h o r  
by p a r t i c l e s  o f  a  g iv e n  e n e rg y  w ere  g o v e rn e d  o n ly  by 
random s t a t i s t i c s ,  t h e  r e s u l t i n g  d i s t r i b u t i o n  w ould  be 
o f  t h e  P o i s s o n  f o r m .  I n  an y  p r a c t i c a l  c a s e ,  t h e  
d i s t r i b u t i o n  w i l l  be somewhat d i s t o r t e d  by t h e  f a c t  t h a t  
c e r t a i n  o f  t h e  p a r t i c l e s  may e s c a p e  f ro m  t h e  lu m in o p h o r  
b e f o r e  e x p e n d in g  a l l  t h e i r  e n e r g y .  However t h i s  e f f e c t  
w i l l  be s m a l l  p r o v id e d  t h a t  t h e  l i n e a r  d im e n s io n s  o f  t h e  
lu m in o p h o r  a r e  l a r g e  com pared  w i t h  t h e  r a n g e  o f  t h e  
p a r t i c l e s  w i t h i n  i t .  As a  f i r s t  a p p ro x im a ü e n ,  one may 
assum e t h i s  t o  be t h e  c a s e , and assum e a  P o i s s o n  
d i s t r i b u t i o n  ( 2 . 2 8 )  f o r  t h e  num ber , o f  l i g h t  q u a n t a
p ro d u c e d  p e r  s c i n t i l l a t i o n  f o r  p a r t i c l e s  o f  e q u a l  e n e r g y .
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The p r o b a b i l i t y  , t h a t  a  quantum  o f  l i g h t
p ro d u c e d  i n  t h e  lu m in o p h o r  f a l l s  on t h e  p h o t o - m u l t i p l i e r  
c a th o d e  i s  d e t e r m in e d  by t h e  s t a t i s t i c s  o f  s im p le  c h o i c e  
( 2 . 2 9 ) .  I t  i s  assum ed  h e r e  t h a t  t h e  o p t i c a l  e f f i c i e n c y  
o f  t h e  sy s te m  i s  c o n s t a n t  f o r  l i g h t  e m i t t e d  a t  a l l  p o i n t s  
w i t h i n  t h e  lu m in o p h o r ;  i f  t h i s  i s  n o t  s o ,  t h e  f i n a l  
d i s t r i b u t i o n  w i l l  be b r o a d e n e d .
The p r o b a b i l i t y  , t h a t  a  quantum  o f  l i g h t
f a l l i n g  on t h e  p h o t o - c a t h o d e  r e l e a s e s  an  e l e c t r o n ,  and  
t h e  p r o b a b i l i t y  , o f  t h i s  e l e c t r o n  b e in g  c a p t u r e d
by t h e  f i r s t  d y n o d e ,  a r e  a l s o  d e t e r m in e d  by t h e  s t a t i s ­
t i c s  o f  s im p le  c h o ic e  ( 2 . 2 9 ) .
I f  t h e  e m is s io n  o f  e l e c t r o n s  a t  e a c h  s u c c e s s i v e  
dynode o f  t h e  p h o t o - m u l t i p l i e r  i s  g o v e rn e d  by random  
s t a t i s t i c s ,  a n d  i f  t h e r e  i s  no l o s s  o f  e l e c t r o n s  a f t e r  
t h e  f i r s t  d y n o d e ,  one may assum e a  P o i s s o n  d i s t r i b u t i o n  
a t  e a c h  s t a g e .  C om bining s u c h  s t a g e s  a f t e r  t h e  
m anner o f  e q u a t i o n  2 . 3 3 ,  t h e  mean g a i n  and  v a r i a n c e  o f  
t h e  p h o t o - m u l t i p l i e r  dynode s y s te m  a r e  fo u n d  t o  b e : -
= 2 . 3 5 .
( R -  , )
T h is  e x p r e s s i o n  h a s  b een  d e r i v e d  by S a u t e r  (1 9 4 8 )  a n d ,  
i n c o r r e c t l y ,  by M o rto n  and M i t c h e l l  ( 1 9 4 8 ) .  I f  R . 2 .
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and o  i s  l a r g e ,  a s  i s  t h e  c a s e  i n  p r a c t i c e ,  one  
may w r i t e
( R - t )
2 .36.
One may now c o n s t r u c t  a  t a b l e  sh o w in g  t h e  m eans 
and v a r i a n c e s  o f  t h e  v a r i o u s  d i s t r i b u t i o n s ,  a s  
f o l l o w s :
T a b le  I I I
S t a t i s t i c s  o f  S c i n t i l l a t i o n  C o u n t e r s .
G e n e r a t in g  F u n c t io n Mean V a r i a n c e
Lum inophor m , ,
O p t i c a l
System
P h o to - c a th o d e
quantum
e f f i c i e n c y
) - ( * - ^^3) ( ' ^ 3 - 0
L o ss  o f  e l e c ­
t r o n s  b e tw e en  
p h o to - c a th o d e  
and  f i r s t  
d y n o d e •
P h o t o - m u l t i ­
p l i e r .
Fs(>c)-q,(q%(q3 (4nW) )
Lôktre. = e-
R "  1
( *^1^)
1
1 ( . • ^ - •1  
L . . . .
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C om bin ing  t h e  m eans and  v a r i a n c e s  i n  t h e  
m anner o f  e q u a t i o n  2 . 3 3 ,  one o b t a i n s  f o r  t h e  mean 
a m p l i tu d e  and  v a r i a n c e  M  , V  , o f  t h e  o u t p u t  
p u l s e  f ro m  t h e  p h o t o - m u l t i p l i e r
V'A = 2 .3 7
V  '  ^  -+ (R - ,  2 . 3 8
and  t h e  f r a c t i o n a l  v a r i a n c e  ^  i s  s e e n  t o  b e  
g i v e n  b y : -
^ C * ( a - i )  ) 2.59
The q u a n t i t y  (  ^ m ^ )  i n  t h e  d e n o m in a t o r  
o f  t h i s  e x p r e s s i o n  i s  o f  c o u r s e  t h e  mean num ber 
o f  e l e c t r o n s  r e a c h i n g  t h e  f i r s t  dynode o f  t h e  
p h o t o - m u l t i p l i e r  d u r i n g  any  one p u l s e .
F o r  s i n g l e  e l e c t r o n s  e m i t t e d  a t  t h e  p h o t o ­
c a t h o d e ,  t h e  c o r r e s p o n d i n g  e x p r e s s i o n s  a r e : -
V  = — . )  2 .4 1
I -  I )
 ^I I  * -  " ’ /f ; )________  2.42
m  iT
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I t  w i l l  be s e e n  fro m  e q u a t i o n s  2 .3 8  and  2 .3 9  
t h a t  t h e  v a r i a n c e  o f  t h e  o u t p u t  p u l s e  d i s t r i b u t i o n  
may be e x p e c t e d  t o  i n c r e a s e  w i t h  i n c r e a s i n g  mean 
p u l s e  a m p l i t u d e , b u t  t h a t  t h e  f r a c t i o n a l  v a r i a n c e  
o f  t h e  d i s t r i b u t i o n  d e c r e a s e s  w i t h  i n c r e a s i n g  mean 
p u l s e  a m p l i t u d e .  I n  m e a su re m e n ts  i n  w h ic h  i t  i s  
r e q u i r e d  t o  r e s o l v e  t h e  d i s t r i b u t i o n s  p ro d u c e d  by 
s e c o n d a ry  e l e c t r o n s  o f  d i f f e r e n t  e n e r g i e s  e . g .  
gam m a-ray s p e c t r o s c o p y  o r  gam m a-ray  a b s o r p t i o n  
s t u d i e s ,  t h e  p r o d u c t  («->,. «3^,) m ust t h e r e f o r e
be made a s  h i g h  a s  p o s s i b l e .  T h i s  r e q u i r e s  a  lu m in o ­
p h o r  o f  h ig h  l i g h t  o u t p u t  m a tc h e d  t o  t h e  s p e c t r a l
r e s p o n s e  o f  t h e  p h o t o - m u l t i p l i e r ,  and a n  o p t i c a l
sy s te m  o f  h i g h  e f f i c i e n c y .
B e ca u se  o f  t h e  n o n - G a u s s ia n  c h a r a c t e r  o f  t h e  
o u tp u t  p u l s e  d i s t r i b u t i o n s  p r o d u c e d  by s e c o n d a r y  
e l e c t r o n s  o f  a  s i n g l e  e n e r g y ,  t h e y  c a n n o t  e a s i l y  be 
com bined w i t h  known s e c o n d a r y  e l e c t r o n  e n e r g y  d i s t r i b u ­
t i o n s ,  s u c h  a s  t h o s e  o f  f i g u r e s  6 and  7 .  An a p p ro x im a ­
t i o n  t o  t h e  com bined  d i s t r i b u t i o n  ca n  be o b t a i n e d  i f
t h e  a s s u m p t io n  i s  made t h a t  t h e  d i s t r i b u t i o n s  due t o  
m o n o - e n e r g e t i c  s e c o n d a r y  e l e c t r o n s  a r e  n o r m a l ,  b u t  
h av e  t h e  f r a c t i o n a l  v a r i a n c e s  g i v e n  i n  e q u a t i o n  2 . 5 9 .
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The e r r o r  i m p l i c i t  i n  t h i s  a s s u m p t io n  w i l l  be s m a l l  
p r o v id e d  t h a t  t h e  q u a n t i t y  (  r»>,. i s
g r e a t e r  t h a n  5 .
The o r d i n a t e s  o f  t h e  n o rm a l  c u r v e  o f  e r r o r  a r e  
d e r i v e d  fro m  t h e  e x p r e s s i o n : -
2.
f
^  ^  ^  2 .4 3
O  /2TC
w here t h e  v a l u e s  o f  a r e  m e a su re d  i n  u n i t s  o f  ^  
t h e  s t a n d a r d  d e v i a t i o n ,  g iv e n  o f  c o u r s e  by a- -  V ^ . 
From e q u a t i o n  2 . 3 8 ,  t h e  p u l s e  a m p l i tu d e  d i s t r i b u t i o n  a t  
t h e  p h o t o - m u l t i p l i e r  o u t p u t  r e s u l t i n g  f ro m  u n i f o r m  
l i g h t  p u l s e s  i n  t h e  lu m in o p h o r ,  e a c h  c o n t a i n i n g  (rn ,)  , 
q u a n t a ,  h a s  a  s t a n d a r d  d e v i a t i o n  o f
2 .4 4
From e q u a t i o n s  2 .4 3  and  2 . 4 4 ,  t h e  n o rm a l  d i s t r i b u t i o n  
a p p r o p r i a t e  t o  any  m o n o - e n e r g e t i c  g ro u p  o f  s e c o n d a r y  
e l e c t r o n s  can  be f o u n d .  â s  an  e x a m p le  o f  t h i s  m e th o d ,  
c o n s i d e r  now t h e  s e c o n d a r y  e l e c t r o n  d i s t r i b u t i o n  f o r  
CObaitgQ g a m m a - r a d ia t io n  i n  c sd c iu m  t u n g s t a t e  shown i n  
f i g u r e  7 .  I f  t h i s  d i s t r i b u t i o n  i s  d i v i d e d  i n t o
u
I
I
I
in
s
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s e c t i o n s  o f  0 .0 5  M eV ., and  e a c h  s e c t i o n  i s  r e p l a c e d  
by a  n o rm a l  d i s t r i b u t i o n  a b o u t  i t s  m i d - p o i n t  w hose 
s t a n d a r d  d e v i a t i o n  s a t i s f i e s  e q u a t i o n  2 . 4 4  and  w hose 
o r d i n a t e s  a r e  t h o s e  g i v e n  by e q u a t i o n  2 .4 3  w e ig h t e d  
a p p r o p r i a t e l y ,  t h e  d i s t r i b u t i o n s o f  f i g u r e  11 r e s u l t .  
T h e se  t h r e e  d i s t r i b u t i o n s  r e p r e s e n t  t h e  c o m p le te  
o u t p u t  p u l s e  a m p l i t u d e  d i s t r i b u t i o n s  d u e  t o  c o b a l t g Q -  
r a d i a t i o n  i n  c a lc iu m  t u n g s t a t e ,  when t h e  r e l e a s e  o f  
a  1 MeV. s e c o n d a r y  e l e c t r o n  i n  t h e  l u m i n o p h o r  r e s u l t s  
i n  t h e  a r r i v a l  a t  t h e  f i r s t  d y n o d e  o f  t h e  p h o t o ­
m u l t i p l i e r  o f  1 0 ,  1 0 0 ,  and  1000  e l e c t r o n s  r e s p e c t i v e l y .  
The d i s t r i b u t i o n  f o r  ( fn ^  l o  i g
n o t  c o n t in u e d  b e lo w  -  o - ' a  MeV b e c a u s e  t h e
e r r o r s  i m p l i c i t  i n  t h e  a s s u m p t io n  o f  a  G a u s s i a n  
d i s t r i b u t i o n  become l a r g e  i n  t h i s  c a s e  a t  low  s e c o n d a r y  
e l e c t r o n  e n e r g i e s .  The d e p e n d e n c e  o f  r e s o l u t i o n  o n  
o p t i c a l  e f f i c i e n c y  i s  w e l l  i l l u s t r a t e d .
(iv)
(iii )
(vi i )
P  21
(Vi)
F I G U R E  12
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SBCTIOM I I I .  EXPBRIM3NTAL METHODS AMD INSTRUMENTATION»
1 .  PHOTO-MULTIPLIBR AMD LIÆîINOPHOR MOUNTINGS:
( a )  Type o f  P h o t o - M u l t i p l i e r  U s e d ; -
The p h o t o - m u l t i p l i e r  u s e d  t h r o u g h o u t  t h e s e  
i n v e s t i g a t i o n s  was a n  R .G .A .  t y p e  I  P 21 t u b e ,  h a v i n g  
n i n e  m u l t i p l y i n g  s t a g e s  and  a  r a t e d  o v e r a l l  v o l t a g e
g
g a i n  o f  2 X 1 0  a t  a n  i n t e r - s t a g e  p o t e n t i a l  o f  1 0 0  
v o l t s .  The p h o t o - c a t h o d e  o f  s u c h  t u b e s  i s  o f  t h e  
a n t im o n y -c a e s iu m  t y p e  w i t h  a  maximum s p e c t r a l  s e n s i t i v i t y
o
a t  a b o u t  4200  A . and  a  r a t e d  s e n s i t i v i t y  o f  2 0  m i c r o -  
a m p e re s / lu m e n .  Owing t o  t h e  f a c t  t h a t  t h e  e n v e lo p e  i s  
o f  g l a s s ,  t h e  s p e c t r a l  s e n s i t i v i t y  c u r v e  f a l l s  r a p i d l y
o
f o r  w a v e le n g th s  b e lo w  3500 A . ( s e e  f i g u r e  9 ) ,
( b )  P h o to —m u l t i p l i e r  m o u n t i n g s -
T h i s  t u b e  w as m o u n te d  a s  shown i n  f i g u r e  12 i n s i d e  
a  h eav y  c y l i n d r i c a l  b r a s s  c a s e  ( i ) ,  w h ic h  a l s o  c o n t a i n e d  
t h e  r e s i s t a n c e  c h a i n  ( i i ) ,  t h r o u g h  w h ic h  t h e  d y n o d e  
p o t e n t i a l s  w ere  m a i n t a i n e d  « C a b l e s  ( i i i ) ,  p a s s i n g  
t h r o u g h  l i g h t - t i g h t  i n s u l a t e d  b u s h e s  s u p p l i e d  p o w e r  t o  
t h e  d y n o d e s  an d  f e d  t h e  p h o t o - m u l t i p l i e r  o u t p u t  p u l s e s  
t o  t h e  a m p l i f y i n g  and r e c o r d i n g  e q u i p m e n t .  T h e  u p p e r
(Vi i )
F I G U R E  13 
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"^ X^vVVVSA^
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s e c t i o n  o f  t h i s  b r a s s  c a s e  w as i n  t h e  fo rm  o f  a  cup  
( i v ) ,  i n t o  w h ic h  a  c o o l i n g  a g e n t  ( l i q u i d ,  n i t r o g e n  o r  
s o l i d  c a r b o n  d i o x i d e )  c o u l d  be i n t r o d u c e d  i n  o r d e r  
t o  c o o l  t h e  p h o t o - m u l t i p l i e r  by  c o n d u c t i o n .  & d r y i n g  
a g e n t  ( v ) ,  ( s i l i c a  g e l )  p l a c e d  i n  a  s m a l l  c o n t a i n e r  i n  
t h e  lo w e r  p o r t i o n  o f  t h e  c a s e  p r e v e n t e d  f r o s t i n g  o f  
t h e  p h o t o - m u l t i p l i e r  e n v e l o p e  and  o t h e r  o p t i c a l  s u r f a c e s  
d u r i n g  c o o l i n g .  T he w ho le  c a s e  was h e a v i l y  l a g g e d  w i t h  
c o t t o n  w ool ( v i ) , t o  e n s u r e  t e m p e r a t u r e  s t a b i l i t y  and  i t  
was fo u n d  t h a t  t h e r m a l  e q u i l i b r i u m  w as r e a c h e d  a p p r o x ­
i m a t e l y  one h o u r  a f t e r  t h e  i n i t i a t i o n  o f  c o o l i n g ,  
w h e th e r  by l i q u i d  n i t r o g e n  o r  by s o l i d  c a r b o n  d i o x i d e .
à  s h o r t  s i d e  t u b e  ( v i i ) ,  w as m o u n te d  a t  r i g h t  a n g l e s  
t o  t h e  a x i s  o f  t h e  c a s e  d i r e c t l y  o p p o s i t e  t h e  c a t h o d e  
o f  t h e  p h o t o - m u l t i p l i e r ,  an d  i n t o  t h i s  t u b e  c o u ld  be 
sc rew ed  v a r i o u s  i n t e r c h a n g e a b l e  l u m i n o p h o r  m o u n t in g s  
and  o t h e r  d e v i c e s .  A n um ber o f  t h e s e  d e v i c e s  a r e  shown 
i n  f i g u r e  1 5 .  E x tre m e  c a r e  was n e e d e d  t o  e n s u r e  t h a t  
a l l  sc rew e d  J o i n t s  w ere  c o m p l e t e l y  l i g h t - t i g h t  s i n c e  
t h e  p r e s e n c e  o f  e v e n  a  v e r y  low  i n t e n s i t y  o f  e x t r a n e o u s  
l i g h t  w ould  be s u f f i c i e n t  t o  i n v a l i d a t e  t h e  r e s u l t s  o f  
i n v e s t i g a t i o n s  o f  t h e  t y p e  u n d e r  d i s c u s s i o n ,
(®) A b s o lu t e  M e a s u re m e n ts  o n  C r v s t a l s : -
M e a su re m e n ts  o f  t h e  a b s o l u t e  c o u n t i n g  r a t e s
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o b t a i n e d  i n  s o l i d  c r y s t a l l i n e  l u m i n o p h o r s  w ere  made 
w i t h  t h e  a r r a n g e m e n t  shown i n  f i g u r e  15 ( i n s e t  A.) 
sc rew e d  i n t o  t h e  p h o t o - m u l t i p l i e r  h o l d e r .  T h i s  
c o n s i s t e d  o f  a  c r y s t a l  h o l d e r  ( i ) ,  m o u n te d  a t  t h e  
end o f  a  P e r s p e x  l i g h t  g u i d e  0 . 5  i n c h e s  i n  d i a m e t e r  
( i i ) ,  b u t  s e p a r a t e d  f ro m  i t  by a  c a m e ra  s h u t t e r  ( i i i )  
The end o f  t h e  l i g h t  g u id e  n e a r e s t  t h e  c r y s t a l  was 
g ro u n d  and p o l i s h e d  f l a t ;  t h a t  p r e s e n t e d  t o w a r d s  t h e  
p h o t o - m u l t i p l i e r  w as c o n v e x  and  o f  s u c h  a  c u r v a t u r e  
a s  t o  f o c u s  t h e  t r a n s m i t t e d  l i g h t  on  t o  a  s m a l l  a r e a  
o f  t h e  p h o t o - c a t h o d e .  T he l i g h t  g u i d e  w as e n c l o s e d  
i n  a  t u b e  o f  D u r a i  ( i v ) ,  on  one  e n d  o f  w h ic h  w as 
m ounted t h e  c a m e ra  s h u t t e r  a s s e m b ly  ( v ) .  A s h o r t  
t h e r m a l - i n s u l a t i n g  s e c t i o n  o f  K eram o t t u b e  ( v i ) ,  
s e p a r a t e d  t h e  D u r a i  t u b e  f ro m  t h e  t h r e a d e d  b r a s s  
c o l l a r  ( v i i ) ,  and  p r e v e n t e d  c o o l i n g  o f  t h e  c r y s t a l  
by c o n d u c t io n  down t h e  D u r a i  d u r i n g  e x p e r i m e n t s  i n  
w h ich  t h e  p h o t o - m u l t i p l i e r  t u b e  w as c o o l e d .  Sm all 
c o l l a r s  ( v i i i ) ,  m o u n ted  on  t h e  l i g h t - g u i d e  p r e s e r v e d  
an  a i r  s p a c e  b e tw e e n  i t  and  t h e  D u r a i  r o d ,  s i n c e  i t  
was fo u n d  t h a t  t h e  l i g h t  t r a n s m i t t i n g  p r o p e r t i e s  o f  
t h e  g u id e  w ere  i m p a i r e d  w h e r e v e r  t h e r e  was a  f a c e  
c o n t a c t  b e tw e e n  i t  and  o t h e r  s u r f a c e s .  The c r y s t a l
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h o l d e r  ( i ) ,  was s c re w e d  i n t o  t h e  c a m e ra  s h u t t e r  
a s se m b ly  and  c o n s i s t e d  o f  a  s h o r t  c y l i n d e r  o f  t h i n  
b r a s s  a c r o s s  w h ic h  tw o b a l s a - w o o d  g u i d e s  w ere  c e m e n te d ,  
t h e  w hole  b e i n g  c o v e r e d  and  made l i g h t  t i g h t  by a  
d iap h rag m  o f  b l a c k  p a p e r .  A l i g h t - t i g h t  hood ( x ) ,  
s u r ro u n d e d  b o t h  c r y s t a l  h o l d e r  an d  c a m e ra  s h u t t e r  
a s s e m b ly .  The c r y s t a l s  t h e m s e l v e s  w ere  m o u n ted  on  
t h i n  s l i p s  o f  b a l s a - w o o d  ( i x ) ,  w h ic h  f i t t e d  e x a c t l y  
i n t o  t h e  s p a c e  b e tw e e n  t h e  g u i d e s  i n  t h e  c r y s t a l  h o l d e r ,  
t h e  t h i c k n e s s  o f  t h e  s l i p s  b e i n g  a d j u s t e d  t o  t h e  s i z e  
o f  t h e  c r y s t a l s  i n  s u c h  a  way t h a t  t h e  f r o n t  f a c e  o f  
e v e ry  c r y s t a l ,  when i n s e r t e d ,  was f l u s h  w i t h  t h e  end  
o f  t h e  h o l d e r .  A s e l e c t i o n  o f  c r y s t a l s  t h u s  m o u n ted  
i s  s e e n  i n  f i g u r e  1 4 .  By t a k i n g  c o u n t i n g  r a t e s  f i r s t  
w i th  t h e  c a m e ra  s h u t t e r  o p e n  and  t h e n  w i t h  t h e  s h u t t e r  
c l o s e d ,  i t  was p o s s i b l e  t o  c o r r e c t  f o r  t h e  b a c k g ro u n d  
e f f e c t s  and  o b t a i n  t h e  t r u e  c o u n t i n g  r a t e  due  t o  t h e  
s c i n t i l l a t i o n s  p r o d u c e d  i n  t h e  c r y s t a l .
S t u d i e s  u s i n g  t h e  ab o v e  d e v i c e  w ere  made w i t h  t h e  
l i g h t  g u id e  h o r i z o n t a l  and  t h e  p h o t o - m u l t i p l i e r  c a s e  
m ounted  v e r t i c a l l y  on  an  o p t i c a l  b e n c h ,  a s  s e e n  i n  
f i g u r e  1 5 .  T h i s  b e n c h  c o n s i s t e d  o f  a  r i g i d  wooden 
t a b l e ,  two f e e t  a b o v e  w h ic h  was f i x e d  t h e  c r y s t a l  a n d
(A
Figure 15.
E x p e r i m e n t a l  A rra n g e m e n t  f o r  A b s o lu t e  
M e a su re m e n ts  on C r y s t a l s .
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p h o t o - m u l t i p l i e r  m o u n tin g .  S ou rce  and f i l t e r  
h o l d e r s  o f  t e l e s c o p i c  D u ra i  tu b e  moving a lo n g  a  
c a l i b r a t e d  s l i d e  made p o s s i b l e  t h e  p o s i t i o n i n g  
o f  s o u r c e s  and a b s o r b e r s  a t  m easu red  d i s t a n c e s  from  
t h e  c r y s t a l  a lo n g  t h e  a x i s  o f  t h e  l i g h t  g u i d e .  The 
whole o p t i c a l  b en ch  was p la c e d  w e l l  c l e a r  o f  t h e  
w a l l s  o f  t h e  l a b o r a t o r y .  Under t h e s e  c o n d i t i o n s ,  
e x c i t a t i o n  o f  t h e  c r y s t a l  by s c a t t e r e d  r a d i a t i o n  
was r e d u c e d  t o  a  minimum. S in c e  t h e  c r y s t a l  
m o u n tin g  c o n s i s t e d  o f  v e ry  l i g h t  m a t e r i a l  o f  low 
mean a to m ic  nu m b er, t h e  o n ly  a p p r e c i a b l e  s o u rc e  o f  
d e g e n e r a t e  r a d i a t i o n  was b a c k - s c a t t e r  from  t h e  s h u t t e r  
a s s e m b ly ,  t h e  l i g h t  g u i d e ,  and t h e  p h o t o - m u l t i p l i e r  
and i t s  c a s e .  T h is  s h o u ld  be o n ly  s l i g h t  f o r  h ig h  
e n e rg y  g a m m a - ra d ia t io n  ( >  0 .2  MeV.) w h ich  i s  s c a t t e r e d  
m a in ly  i n  t h e  f o rw a r d  d i r e c t i o n .  P r e l i m i n a r y  e x p e r i ­
m e n ts  w i th  l e a d  b lo c k s  and s t r i p s  p l a c e d  a ro u n d  t h e  
c r y s t a l  h o l d e r  c o n f irm e d  t h i s .  I n  no c a s e  c o u ld  
s c a t t e r e d  r a d i a t i o n  a c c o u n t  f o r  more t h a n  3% o f  t h e  
t o t a l  c o u n t in g  r a t e  o b se rv e d  i n  s i n g l e  c r y s t a l s .
( d )  C o m p ara tiv e  M easurem ents  on C r y s t a l s
I n  c e r t a i n  a p p l i c a t i o n s ,  n o t a b l y  t h e  s tu d y  o f  
p u l s e  a m p l i tu d e  d i s t r i b u t i o n s ,  i t  was r e q u i r e d  t o  
mount t h e  c r y s t a l  i n  c l o s e  p r o x im i ty  t o  t h e  p h o to -
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m u l t i p l i e r  e n v e lo p e ,  t h i s  c o u ld  be c o n v e n i e n t l y  
a c h ie v e d  w i th  t h e  h o l d e r  shown i n  f i g u r e  13 ( i n s e t  B ) .
The l a t t e r  c o n s i s t e d  o f  a  s h o r t  l e n g t h  o f  Keramot 
tu b e  ( i ) ,  o v e r  w h ich  f i t t e d  a  t h r e a d e d  b r a s s  c o l l a r  
( i i ) ,  t h e  w hole b e in g  c lo s e d  by a  d iap h rag m  o f  t h i n  
b la c k  p a p e r  h e ld  i n  p l a c e  by a  D u ra i  l o c k i n g  r i n g  ( i i i ) .  
The c r y s t a l ,  on i t s  b a lsa -w o o d  m o u n t,  was h e ld  i n  
p o s i t i o n  by two s t e e l  p i n s  ( i v ) , d r i v e n  i n t o  t h e  
K eram o t. M easu rem en ts  w i th  t h i s  d e v i c e  were u s u a l l y  
made w i th  t h e  p h o t o - m u l t i p l i e r  c a s e  m ounted i n  an  
u p r i g h t  p o s i t i o n  on t h e  o p t i c a l  b en c h  a s  a l r e a d y  i n d i c a t e d
( e ) C o m p ara tiv e  M easurem en ts  on L i q u i d s : -
I f  how ever t h e  p h o t o - m u l t i p l i e r  c a s e  were m ounted  
h o r i z o n t a l l y  t h e  d e v ic e  j u s t  d e s c r i b e d  c o u ld  be u s e d  
f o r  m easu rem en ts  on l i q u i d  s a m p le s ,  a  s m a l l  c y l i n d r i c a l  
g l a s s  p h i a l  b e in g  m ounted a s  shown i n  f i g u r e  13 ( i n s e t  C ) .  
The l e n g t h  o f  t h i s  p h i a l  was s u c h  t h a t  when i n  p o s i t i o n  
i t s  f l a t  b a s e  was a t  t h e  same l e v e l  w i th  r e s p e c t  t o  t h e  
p h o t o - m u l t i p l i e r  a s  t h e  n e a r e s t  f a c e  o f  t h e  c r y s t a l s  i n  
t h e  p r e v i o u s  a p p l i c a t i o n .  I t s  o u t s i d e  d ia m e te r  ( §  i n c h )  
was s l i g h t l y  s m a l l e r  t h a n  t h e  i n s i d e  d ia m e te r  o f  t h e  
Keramot t u b e ,  so t h a t  a  1 m l .  sam ple o f  t h e  l i q u i d  u n d e r  
i n v e s t i g a t i o n  gave  a  d e p t h  o f  0 .5  ora. I t  s h o u ld  be
p o i n t e d  o u t  t h a t  t h e  a r r a n g e m e n ts  shown a s  i n s e t s  B and C,
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u n l i k e  t h a t  o f  i n s e t  A, c a n n o t  be c o n s id e r e d  s c a t t e r -  
f r e e ,  s i n c e  i n  t h e  fo rm e r  t h e  lu m in o p h o r  i s  m ounted 
i n s i d e  t h e  heavy  b r a s s  c a s e  i n  c l o s e  p r o x im i ty  t o  
t h e  p h o t o - m u l t i p l i e r .
( f )  S tu d y  o f  P h o t o - m u l t i p l i e r  C h a r a c t e r i s t i c s : -
I n  e x p e r im e n t s  i n  w hich  i t  was d e s i r e d  t o  e x c i t e  
t h e  p h o t o - m u l t i p l i e r  w i th  c o n t in u o u s  o r  p u l s e d  l i g h t  
from  an  e x t e r n a l  s o u r c e ,  t h e  d e v i c e  shown i n  f i g u r e  
15  ( i n s e t  D ) was u s e d .  T h i s  c o n s i s t e d  o f  a  d o u b le  
p i n - h o l e  c o l l i n a t o r  ( i ) ,  t e r m i n a t i n g  a t  one end i n  a  
s m a l l  g ro u n d  g l a s s  s c r e e n  ( i i )  and h a v in g  a  f i t t i n g  
a t  t h e  o t h e r  end i n t o  w h ich  l i g h t  f i l t e r s  o f  t h e  
I l f o r d  ’•’Spectrum'*' t y p e  c o u ld  be c l i p p e d  ( i i i ) .  The 
c o m p le te  c o l l i m a t o r  c o u ld  be sc rew ed  d i r e c t l y  i n t o  
t h e  p h o t o - m u l t i p l i e r  c a s e  by means o f  a  t h r e a d e d  b r a s s  
c o l l a r ,  o r  i n d i r e c t l y  t h r o u g h  a  s h o r t  b r a s s  a d a p t o r  
i n t o  t h e  l i g h t  g u id e  a s sem b ly  o f  i n s e t  A i n  p l a c e  o f  
t h e  c r y s t a l  h o l d e r .  I n  e i t h e r  c a s e ,  t h e  p o s i t i o n  
o c c u p M  by t h e  g round  g l a s s  s c r e e n  w i th  r e s p e c t  t o  
t h e  p h o t o - m u l t i p l i e r  was t h e  same a s  t h a t  o c c u p ie d  
by t h e  n e a r e s t  f a c e  o f  t h e  c r y s t a l s  i n  t h e  c o r r e s p o n d in g  
a r r a n g e m e n ts  o f  i n s e t s  A and B.
(g )  A b s o lu te  M easurem en ts  on l i q u i d s : -
I n  m easu rem en ts  on t h e  a b s o l u t e  c o u n t in g  r a t e s
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o b t a i n e d  i n  l i q u i d  lu m in o p h o r s ,  a  more s c a t t e r - f r e e  
a r ra n g e m e n t  t h a n  t h a t  o f  i n s e t  C was r e q u i r e d ,  and 
a c c o r d i n g l y ,  t h e  d e v ic e  shown i n  f i g u r e  13 ( i n s e t  B) 
was d e s i g n e d .  T h i s  c o n s i s t e d  o f  a  l i g h t - t i g h t  
D u ra i  c y l i n d e r  ( i ) ,  c o n t a i n i n g  a  s h o r t  l i g h t  g u id e  
o f  t a p e r e d  p e r s p e x  ro d  ( i i ) ,  w h ich  c o u ld  be sc rew ed  
i n t o  t h e  Keram ot tu b e  o f  t h e  a s se m b ly  o f  i n s e t  A i n  
p l a c e  o f  t h e  l i g h t  g u id e  and cam era  s h u t t e r  u n i t .  
P e r s p e x  k n i f e - e d g e s  ( i i i )  s u p p o r te d  one o f  s e v e r a l  
c y l i n d r i c a l  c e l l s  ( i v )  o f  v a r y i n g  c a p a c i t y  w hich  
c o u ld  be f i l l e d  w i th  t h e  l i q u i d  u n d e r  i n v e s t i g a t i o n , 
and t h e n  p l a c e d  w i th  one f a c e  c l o s e  a g a i n s t  t h e  f l a t  
p o l i s h e d  end  o f  t h e  l i g h t  g u i d e .  The l a t t e r  had a  
d i a m e t e r  o f  1 in c h  a t  t h i s  p o i n t ,  s l i g h t l y  l a r g e r  
t h a n  t h e  o u t s i d e  d ia m e t e r  o f  t h e  c e l l s ,  b u t  t a p e r e d  
t o  0 .5  i n c h  b e f o r e  e n t e r i n g  t h e  p h o t o - m u l t i p l i e r  c a s e .  
The u n i t  was c lo s e d  by a  sc rew ed  cap o f  t h i n  D u ra i  •
( h )  M easurem ent o f  P h o t o - m u l t i p l i e r  B ack g ro u n d : -  
F i n a l l y  w here i t  was d e s i r e d  t o  m easu re  t h e  
b a c k g ro u n d  o f  t h e  u n s t i m u l a t e d  p h o t o - m u l t i p l i e r ,  a  
D u ra i  p lu g  ( f i g u r e  1 3 ,  i n s e t  F ) c o u ld  be sc rew ed  i n t o  
t h e  Keram ot tu b e  o f  t h e  a s se m b ly  shown i n  i n s e t  A .
R, — R^Q : 4 7 Mfl ,  
: 47 k i T .
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2 .  ASSOCIATED BLEGTRONIQ BOIIIPM-RW'Pî
( a )  P h o t o - m u l t i p l i e r  u n i t ; -
The e l e c t r i c a l  c i r c u i t  o f  t h e  p h o t o - m u l t i p l i e r  
u n i t  i s  shown d i a g r a m m a t i c a l l y  i n  f i g u r e  1 6 ,  and i n  
f i g u r e  17 a  s c h e m a t i c  d ia g ra m  o f  t h e  a s s o c i a t e d  
e l e c t r o n i c  e q u ip m e n t  i s  g i v e n .  I t  w i l l  be o b s e r v e d  
t h a t  no c a t h o d e  f o l l o w e r  was m o u n ted  on  t h e  p h o t o ­
m u l t i p l i e r  u n i t ,  t h e  o u t p u t  b e i n g  f e d  d i r e c t l y  o v e r  
a  4,0. f o o t  l e n g t h  o f  '• 'U n ira d io  32'" c o n c e n t r i c  c a b l e  
t o  t h e  l i n e a r  a m p l i f i e r .  T h i s  r e s u l t e d  i n  some 
l o s s  o f  p u l s e  a m p l i t u d e  and  s h a p e  ow ing  t o  t h e  h i g h  
i n p u t  c a p a c i t y  o f  t h e  s y s t e m ,
( b )  L i n e a r  A m p l i f i e r ; -
The a m p l i f i e r  was an  A m p l i f i e r  T ype 1 0 0 8 ,  h a v i n g  
a  r a t e d  o v e r a l l  g a i n  o f  1 6 ,0 0 0  and  a  b a n d - w id th  o f  
20 d / s . -  500  k c / s .  B o th  low  im p e d a n c e  and  h i g h  
im p e d a n c e  i n p u t  c i r c u i t  a r e  a v a i l a b l e  i n  t h i s  u n i t ;  
i n  t h e  p r e s e n t  a p p l i c a t i o n ,  t h e  h i g h  im p e d an c e  c i r c u i t  
was u s e d ,  f o r  w h i c h  t h e  i n p u t  c a p a c i t y  i s  s t a t e d  t o  b e  
20 p F , , a n d  t h e  i n p u t  im p e d a n c e  500 Kn- , T he a m p l i ­
f i e r  h a s  a  s w i t c h e d  a t t e n u a t o r  g i v i n g  a  1 0  : 1 c u t  i n  
s i g n a l  a t  i t s  i n p u t  a n d  c o n s i s t s  o f  tw o  t h r e e - s t a g e  
a m p l i f y i n g  u n i t s  s e p a r a t e d  by a  s e c o n d  a t t e n u a t o r  
g i v i n g  a  v a r i a b l e  a t t e n u a t i o n  b e tw e e n  0 dB , and  20 d B ,
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i n  2 d B . s t e p s .  A t o t a l  r a n g e  o f  a t t e n u a t i o n  b e tw e e n
0 and  40 dB . c o u ld  t h u s  be c o v e r e d  i n  2 dB . s t e p s  by
m a n i p u l a t i o n  o f  t h e s e  two c o n t r o l s ,  t h e  minimum o v e r a l l
g a i n  b e i n g  1 6 0 .  The g a i n  s t a b i l i t y  i s  r a t e d  a t  +
f o r  a  m a in s  v a r i a t i o n  o f  \o%.
/
( c )  C o u n t in g  R a te  M e t e r ; -
The o u t p u t  o f  t h e  a m p l i f i e r  was f e d  t o  a  r a t e m e t e r  
t y p e  1037  & and  t o  a  s c a l e r  t y p e  1009 A i n  p a r a l l e l .
I n  t h e  f o r m e r ,  c o u n t i n g  r a t e s  a r e  r e a d  d i r e c t l y  on a  
m e te r  w hose d e f l e c t i o n  i s  l i n e a r l y  p r o p o r t i o n a l  t o  
c o u n t i n g  r a t e  . An o v e r a l l  r a n g e  o f  0 t o  1 0 0 ,0 0 0  
c o u n t s / s e c o n d  i s  c o v e re d  i n  s i x  r a n g e s  by a  s w i t c h ,  t h e  
f u l l  s c a l e  d e f l e c t i o n s  o f  t h e s e  r a n g e s  c o r r e s p o n d i n g  t o
1 ,  1 0 ,  1 0 0 ,  1 0 0 0 ,  1 0 ,0 0 0  and  1 0 0 ,0 0 0  c o u n t s / s e c o n d  
r e s p e c t i v e l y .  A s e r i e s  o f  i n t e g r a t i n g  t i m e s  i s  p r o v i d e d  
on  e a c h  r a n g e ,  s e l e c t e d  by a  s w i t c h  w h ich  v a r i e s  t h e  
i n t e g r a t i n g  c a p a c i t y  o f  t h e  c i r c u i t ;  c a p a c i t i e s  o f  8 ,
2 ,  0 . 5 ,  0 . 1  o r  0 . 0 2 may be c h o s e n .  When u s e d  w i t h  
a  random  s o u r c e  o f  p u l s e s ,  t h e  c o u n t i n g  r a t e  m e te r  
r e a d i n g  f l u c t u a t e s  a b o u t  i t s  mean v a l u e  i n  a  m a n n e r  
d e t e r m in e d  by t h e  mean p u l s e  r a t e  and  t h e  i n t e g r a t i n g  
t im e  s e l e c t e d .  The R .M .S .  v a l u e  o f  t h e  f l u c t u a t i o n s  
i s  g iv e n  by t h e  f o r m u l a : -
R .M .S .  f l u c t u a t i o n  m ±  V  o f  mean r e a d i n g  3 , 1 .
w here  n  = mean p u l s e  r a t e
= i n t e g r a t i n g  t im e  i n  s e c o n d s .
68
The i n t e g r a t i o n  t im e  c a n  be c h a n g e d  d u r i n g  m e a s u r e ­
m en t w i t h o u t  a f f e c t i n g  t h e  m e te r  r e a d i n g ;  t h u s  i t  
i s  p o s s i b l e  t o  u s e  a  s h o r t  t im e  c o n s t a n t  a t  f i r s t  t o  
o b t a i n  an  a p p r o x im a te  r e a d i n g ,  a n d  t h e n  s w i t c h  t o  
p r o g r e s s i v e l y  l o n g e r  t im e  c o n s t a n t s  t o  o b t a i n  a  m ore 
a c c u r a t e  v a l u e  w i t h  s m a l l e r  f l u c t u a t i o n s .  I n  
m e a s u re m e n ts  w i t h  t h i s  r a t e m e t e r  i t  w as fo u n d  d e s i r a b l e  
a lw a y s  t o  u s e  a  f i n a l  i n t e g r a t i o n  t i m e  su c h  t h a t  t h e  
R .M .S .  f l u c t u a t i o n  o f  t h e  m e t e r  r e a d i n g  d e t e r m in e d  by  
f o r m u l a  3 .1  was a t  a l l  t i m e s  l e s s  t h a n  t h e  s c a l e  
r e a d i n g  e r r o r  -  e s t i m a t e d  a t  + i  s c a l e  d i v i s i o n .  T he 
l a t t e r  c o r r e s p o n d s  t o  an  e r r o r  o f  1 ^  i n  c o u n t i n g  r a t e s  
g i v i n g  f u l l  s c a l e  d e f l e c t i o n  o f  t h e  m e t e r ,  a n d  1 0 ^  i n  
r a t e s  g i v i n g  l / l O  f u l l  s c a l e  d e f l e c t i o n .  C h o o s in g  a  
s u f f i c i e n t l y  l o n g  i n t e g r a t i n g  t i m e  i n  t h i s  w ay, t h e  
e r r o r  im  o b s e r v e d  c o u n t i n g  r a t e  was a lw a y s  d e t e r m i n e d  
by t  he s c a l e  r e a d i n g  e r r o r s  a n d  n o t  by t h e  R .M .S .  
f l u c t u a t i o n  o f  t h e  m e te r  r e a d i n g .
( d )  S c a la r : -
T he s c a l e r  t y p e  1009  A c o n s i s t s  o f  tw o s c a l e - o f -  
t e n  c i r c u i t s  f o l l o w e d  by a  m e c h a n i c a l  r e g i s t e r .  T he  
l a t t e r  m oves one u n i t  f o r  e v e r y  h u n d re d  p u l s e s ,  t h e  
t e n s  and  u n i t s  b e i n g  r e c o r d e d  on  n e o n  i n d i c a t o r s .
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C o u n t in g  i s  s t a r t e d  and s to p p e d  m a n u a l ly  by a  p a n e l  
k e y .  I f  t h e  mean num ber o f  c o u n t s  r e c o r d e d  i n  a  
g i v e n  t im e  i s  N, t h e n  t h e  s t a n d a r d  d e v i a t i o n  a s s u m in g  
a  random  d i s t r i b u t i o n  o f  p u l s e s  i n  t im e  i s  N& ( s e e  
é q u a t i o n  2 . 2 8 ) .  Hence t h e  p e r c e n t a g e  s t a n d a r d  e r r o r  
i n  a n y  g i v e n  e s t i m a t e  o f  c o u n t i n g  r a t e  w i t h  t h e  s c a l e r  
i s : -
P e r  c e n t  a g e  e r r o r  = % o f  o b s e r v e d  r a t e .  3 . 2 .N \
w h ere  N i s  t h e  r e c o r d e d  num ber o f  c o u n t s .  I t  w i l l  
be  s e e n  f ro m  3 .2  t h a t  a  p e r c e n t a g e  e r r o r  o f  l e s s  t h a n  
1% r e q u i r e s  t h e  c o u n t i n g  o f  a t  l e a s t  1 0 ,0 0 0  p u l s e s .
I n  e x p e r i m e n t s  w i th  t h e  s c a l e r  a t  l e a s t  t h i s  num ber 
o f  p u l s e s  w ere  c o u n te d  w h e re v e r  p o s s i b l e .
I n  t h e  s tu d y  o f  t h e  a b s o l u t e  c o u n t i n g  r a t e s  
o b t a i n e d  i n  v a r i o u s  m a t e r i a l s ,  t h e  t r u e  c o u n t i n g  r a t e '
* i n  t h e  lu m in o p h o r  was u s u a l l y  o b t a i n e d  a s  t h e  d i f f e r e n c e  
b e tw e e n  two r a t e s ,  t h e  t o t a l  c o u n t i n g  r a t e  and t h e  
b a c k g r o u n d .  I n  s u c h  a  c a s e ,  t h e  p e r c e n t a g e  s t a n d a r d
e r r o r  i n  t h e  t r u e  r a t e  c a n  be shown t o  be g iv e n  by t h e  
w e l l -k n o w n  e x p r e s s i o n : -
P e r  c e n t  ag e  e r r o r  =  ^ ^  o b s e r v e d  3 . 3 .
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w here  , , ^ 2. a r e  t h e  num ber o f  c o u n t s  r e c o r d e d  i n
m e a s u r in g  t h e  t o t a l  r a t e  and  b a c k g ro u n d  r e s p e c t i v e l y .
( e )  P u l s e  D i s c r i m i n a t o r  C i r c u i t s  o f  R a te m e te r  and S c a l e r ;.
B o th  t h e  s c a l e r  and t a t e m e t e r  i n c o r p o r a t e  c a l i b r a t e d  
p u l s e  d i s c r i m i n a t o r  c i r c u i t s ,  w h ic h  s e l e c t  f o r  c o u n t i n g  
o n ly  p u l s e s  o f  a m p l i t u d e  g r e a t e r  t h a n  a  g iv e n  v a l u e .  I n  
t h e  c a s e  o f  t h e  r a t e m e t e r ,  t h i s  a m p l i t u d e  i s  c o n t i n u o u s l y  
v a r i a b l e  f ro m  5 t o  50 v o l t s  by m eans o f  a  s i n g l e  p o t e n ­
t i o m e t e r  c o n t r o l , t h e  v o l t a g e  b e i n g  d i s p l a y e d  on a  p a n e l  
v o l t m e t e r .  I n  t h e  s c a l e r ,  a  s w i t c h  s e l e c t s  a  r a n g e  o f  
a m p l i tu d e  f ro m  5 t o  1 0 ,  10  t o  2 0 ,  20 t o  3 0 ,  30 t o  4 0 ,  o r  
40 t o  50  v o l t s ,  and  a  c o n t i n u o u s l y  v a r i a b l e  p o t e n t i o m e t e r  
c a l i b r a t e d  f ro m  0 t o  10 v o l t s  g i v e s  c o n t r o l  o v e r  t h e  
s e l e c t e d  r a n g e ,  t h e  v o l t a g e  b e i n g  r e a d  on t h e  c a l i b r a t e d  
d i a l  o f  t h e  p o t e n t i o m e t e r .
Owing t o  o v e r h e a t i n g  w i t h i n  t h e  u n i t ,  t h e  l e v e l s  o f  
p u l s e  d i s c r i m i n a t i o n  o f  t h e  s c a l e r  t y p e  1009 à  w ere  
fo u n d  i n  p r a c t i c e  t o  be s u b j e c t  t o  c o n s i d e r a b l e  d r i f t ;  
m o re o v e r  t h e  p o t e n t i o m e t e r  c a l i b r a t i o n  was fo u n d  t o  be 
u n r e l i a b l e ,  e s p e c i a l l y  a t  r e a d i n g s  b e tw e e n  0 and  1 and 
b e tw e en  9 an d  10  v o l t s #  F o r  t h e s e  r e a s o n s ,  w h e r e v e r  
i t  was r e q u i r e d  t o  p l o t  a c c u r a t e  p u l s e  a m p l i tu d e  
d i s t r i b u t i o n s ,  i t  was p r e f e r r e d  t o  u s e  t h e  r a t e m e t e r
71
t y p e  1037 t h e  l a t t e r  u n i t  was f o u n d  c o m p le t e ly  
s t e a d y  and  f r e e  f rom  d r i f t .
( f )  V a r i a b l e  R e s o l v i n g  Time C i r c u i t s  o f  R a te m e te r  
and  S c a l e r 2-  
B o th  t h e s e  u n i t s  a l s o  i n c o r p o r a t e  a  v a r i a b l e  
r e s o l v i n g  t im e  c i r c u i t  (C o o k e -Y a rb o ro u g h ,  1 9 4 9 )  w h ic h  
«Lakes them  i n s e n s i t i v e  f o r  a  s h o r t  p e r i o d  a f t e r  e a c h  
r e c o r d e d  p u l s e .  The p a r a l y s i s  t im e  i s  s e l e c t e d  by 
a  s w i t c h  and i n  e a c h  u n i t  t h e  f o l l o w i n g  v a l u e s  a r e  
a v a i l a b l e : -
«OFF** ( a p p r o x i m a t e l y  1 m i c r o s e c o n d ) ,  5 ,  1 0 ,  2 0 ,
5 0 ,  1 0 0 ,  2 0 0 ,  5 0 0 ,  I K . ,  2 K . , 5 K . , 1 0  K.  m ic r o s e c o n d s .
T h e se  v a l u e s  a r e  s t a t e d  t o  be c o r r e c t  t o  + 5%.
I n  m e a s u re m e n ts  w i th  a  c o u n t e r  o f  f i n i t e  r e s o l v i n g
t i m e ,  t h e  o b s e r v e d  c o u n t i n g  r a t e s  m ust be c o r r e c t e d  t o
a l l o w  f o r  p u l s e s  u n c o u n t e d ,  b e c a u s e  t h e y  a r r i v e  d u r i n g
t h e  t i m e  f o r  w h ic h  t h e  c i r c u i t  i s  i n s e n s i t i v e .  The
a p p r o p r i a t e  c o r r e c t i o n  f o r  d e v i c e s  w h ic h  c a n n o t  be
r e - e x c i t e d  d u r i n g  t h e i r  c y c l e  o f  o p e r a t i o n  h a s  b e e n
d e v e lo p e d  by R u a rk  and Brammer (1 9 3 7 )  and by S k in n e r
( 1 9 3 5 ) .  I f  t h e  o b s e rv e d  c o u n t i n g  r a t e  i s  o* c o u n t s / s e c ,
t h e  t r u e  r a t e  n  c o u n t s / s e c . and t h e  r e s o l v i n g  t im e  o f
t h e  c o u n t e r  , t h e n  a s su m in g  a  random  d i s t r i b u t i o n
o f  p u l s e s  i n  t i m e : -
n  I
^  ' I o ' T '
w hence  3 . 4 .
—  ^  —  -  "T
n o  »
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U s in g  t a b l e s  o f  r e c i p r o c a l s ,  t h e  t r u e  r a t e s  c a n  be 
q u i c k l y  com pu ted  from  e q u a t i o n  3 . 3 . ,  p r o v id e d  t h a t  
t h e  ^ p r o p r i a t e  v a l u e  o f  t h e  r e s o l v i n g  t im e  o f  t h e  
c o u n t e r  i s  know n.
( g )  Power U n i t s : -
The a m p l i f i e r  t y p e  1 0 0 8 ,  r a t e m e t e r  t y p e  1037 A 
and  s c a l e r  t y p e  1009 A h av e  t h e i r  own b u i l t - i n  pow er 
s u p p l i e s .  The p h o t o - m u l t i p l i e r  dynode p o t e n t i a l s  
w ere  m a i n t a i n e d  f ro m  a  P ow er U n i t  t y p e  1082 A; t h i s  
g i v e s  a  v o l t a g e  o u t p u t  c o n t i n u o u s l y  v a r i a b l e  up t o  
3 k V , ,  and  s t a b i l i s e d  t o  ± 1 %  f o r  m a in s  v a r i a t i o n s  
o f  + 1 0 ^ .  C o n n e c t io n  t o  t h e  p h o t o - m u l t i p l i e r  
r e s i s t a n c e  c h a i n  was made o v e r  a  4 f o o t  l e n g t h  o f  
'^ U n ira d io  32'* c a b l e ,  an d  t h e  p h o t o - m u l t i p l i e r  was 
n o r m a l l y  o p e r a t e d  a t  an  i n t e r - d y n o d e  p o t e n t i a l  o f  
108  v o l t s .
( h )  S t o n - w a t c h ; -
I n  a l l  m e a su re m e n ts  w i t h  t h e  s c a l e r  t y p e  1009 A 
a  s i n g l e  s t o p  w a tc h  w i t h  a  60 se c o n d  d i a l  was u s e d ;  
t h i s  was c h e c k e d  f r e q u e n t l y  a g a i n s t  t h e  P o s t  O f f i c e  
T a l k i n g  C lo c k ” (TIM) and on no o c c a s i o n  showed an  
e r r o r  g r e a t e r  t h a n  0 . 2 ^ .
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3 .  METHODS 0 1  CALIBRATION OF THB ELECTRONIC 
EQUIPMENT.
( a )  C a l i b r a t i o n  o f  L i n e a r  A m p l i f i e r  C a in :
The g a i n  o f  t h e  A m p l i f i e r  t y p e  1008 was d e t e r ­
m ined  a t  r e g u l a r  i n t e r v a l s  d u r i n g  t h e  e x p e r i m e n t a l  
s t u d i e s  by f e e d i n g  i n t o  i t  r e c t a n g u l a r  p u l s e s  
d e r i v e d  f ro m  a  c a l i b r a t e d  P u l s e  G e n e r a t o r  ty p e  2 0 0 ,  
and  m e a s u r in g  t h e  a m p l i tu d e  o f  t h e  o u t p u t  p u l s e s  on 
a  c a l i b r a t e d  C o s s o r  o s c i l l o s c o p e .  The p u l s e  
g e n e r a t o r  i n  q u e s t i o n  i s  d e s ig n e d  t o  g iv e  s i n g l e  o r  
d o u b le  r e c t a n g u l a r  p u l s e s .  Two c h a n n e l s  o f  s i n g l e  
p u l s e s  ( c h a n n e l s  A and  B) a r e  p r o v i d e d ,  b o th  g i v i n g  
p u l s e s  o f  a m p l i tu d e  v a r i a b l e  b e tw e e n  1 and  100 v o l t s .  
T h e se  a r e  com bined  i n  c h a n n e l  C, i n  w h ich  d o u b le  
p u l s e s  w i t h  a  s e p a r a t i o n  v a r i a b l e  b e tw e e n  0 and 110  
m ic r o s e c o n d s  and an a m p l i tu d e  b e tw e e n  10 m i c r o v o l t s  
and  50 v o l t s  a r e  a v a i l a b l e .  The p u l s e  w id th  ca n  
be v a r i e d  b e tw e e n  0 .1  and 10 m ic r o s e c o n d s  i n  a l l  
c a s e s  and  t h e  p u l s e  r e c u r r e n c e  f r e q u e n c y  b e tw e e n  50 
and 5 0 ,0 0 0  p u l s e s / s e c o n d .
I n  t h i s  a p p l i c a t i o n ,  p u l s e s  f ro m  c h a n n e l  C 
w ere  s e l e c t e d , t h e  p u l s e  w id th  b e i n g  1 m ic ro s e c o n d  
and t h e  p u l s e  r e c u r r e n c e  f r e q u e n c y  250 p u l s e s / s e c o n d .
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F o r  e a c h  a t t e n u a t o r  s e t t i n g  o f  t h e  a m p l i f i e r ,  t h e  
i n p u t  v o l t a g e  r e q u i r e d  t o  p r o d u c e  an  o u tp u t  o f  10 
v o l t s  was d e t e r m i n e d .  & t y p i c a l  s e t  o f  r e s u l t s  
a r e  su m m arised  i n  T a b le  IV; s i n c e  t h e  e r r o r  i n  
m e a s u r in g  t h e  p u l s e  a m p l i tu d e  o f  t h e  p u l s e  g e n e r a t o r  
i s  s t a t e d  t o  be + 5 ^ ,  t h e  v a l u e s  o f  v o l t a g e  g a i n  
q u o te d  may be assum ed  c o r r e c t  w i t h i n  s i m i l a r  l i m i t s .
T a b le  I V .
C a l i b r a t i o n  o f  A t t e n u a t o r s :  A m p l i f i e r  Type 1 0 0 8 .  S/N o . 1 2 1 .
I n p u t V a r i a b l e
A t t e n u a t o r A t t e n u a t o r O v e r a l l A t t e n u a t i o n
S e t t i n g S e t t i n g G a in (dB )
0 0 1 2 400 0
0 2 10000 1 . 9
0 4 8330 4 .1
0 6 6250 6 . 0
0 8 4760 8 . 3
0 10 3840 1 0 .2
0 12 3030 1 2 .2
0 14 2440 1 4 .1
0 16 2000 1 5 .8
0 18 1 5 9 0 1 7 . 8
0 20 1280 1 9 .7
20 0 1060 2 1 .4
20 2 901 2 3 .4
20 4 667 2 5 .4
20 6 500 2 7 .9
20 8 400 2 9 .8
20 10 322 3 1 .7
20 12 256 3 3 .7
20 14 204 3 5 .7
20 16 170 3 7 .2
20 18 135 3 9 .2
20 20 109 4 1 .1
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( b )  C a l i b r a t i o n  o f  P u l s e  D i s c r i m i n a t o r  C i r c u i t s :
The p u l s e  d i s c r i m i n a t o r  c i r c u i t s  on b o th  s c a l e r  
and  r a t e m e t e r  w ere  s i m i l a r l y  c a l i b r a t e d  u s i n g  s i n g l e  
p u l s e s  o f  w id th  1 m ic ro s e c o n d  f ro m  c h a n n e l  B o f  t h e  
P u l s e  G e n e r a t o r  t y p e  2 0 0 .  I n  t h e s e  m e a s u re m e n ts ,  
t h e  o u t p u t  o f  t h e  p u l s e  g e n e r a t o r  was f e d  d i r e c t l y  
i n t o  t h e  r e c o r d i n g  u n i t  u n d e r  t e s t .  The d i s c r i m i n a t o r  
c o n t r o l  o f  t h e  l a t t e r  was s e t  a  s e l e c t e d  v a l u e ,  and  t h e  
p u l s e  g e n e r a t o r  a m p l i tu d e  c o n t r o l  was t h e n  a d j u s t e d  
u n t i l  t h e  o b s e r v e d  c o u n t i n g  r a t e  was h a l f  t h e  p u l s e  
r e c u r r e n c e  f r e q u e n c y .  I n  p r a c t i c e  t h e  c o u n t i n g  r a t e  
r o s e  v e r y  s h a r p l y  fro m  z e ro  t o  i t s  maximum v a l u e ,  and 
i t  was s u f f i c i e n t  t o  a d j u s t  t h e  a m p l i tu d e  c o n t r o l  
u n t i l  c o u n t i n g  j u s t  o c c u r r e d .  M e asu rem e n ts  w ere  
made a t  a  n o m in a l  r e s o l v i n g  t im e  o f  10 m ic r o s e c o n d s .
T y p i c a l  s e t s  o f  r e s u l t s  a r e  shown i n  T a b l e s  V 
and  VI b e lo w .  The e r r o r s  i n  p u l s e  a m p l i tu d e  f o r  
c h a n n e l  B o f  t h e  p u l s e  g e n e r a t o r  a r e  s t a t e d  a s  + 4 ^  
o r  i  s c a l e  d i v i s i o n  w h ich  e v e r  i s  t h e  g r e a t e r ;  i n  
t h e s e  r e s u l t s  t h e y  may be t a k e n  i n  a l l  c a s e s  a s  +
7 6
T a b le  V.
C a l i b r a t i o n  o f  P u l s e  D i s c r i m i n a t o r ;  R a te m e te r  Type
1 0 3 7 ^ .  S /N o . E . 4 .
D i s c r i m i n a t o r  V o l t s .  5 10 15 20 25 30 35 40 45 50
P 5 0 0 / s e c .  5 .7  11  17 22 28 3 3 .5  39 44 50 55
R 5 0 0 0 / s e c .  5 .4  11 17 22 28  3 3 .5  39 44 50 55
1  5 0 0 0 0 / s e c . 5 .5  12 18 23 29 35 40 46 52 57
T a b le  V I .
C a l i b f a t i o n  o f  P u l s e  D i s c r i m i n a t o r : S c a l e r  Type 1 0 0 9 * .
S /H o . 1 6 1 .
D i s c r i m i n a t o r  V o l t s .  5 10  1 5  20 25 30 35 40 45 50
P  5 0 0 / s e c .  5 .5  12  1 8  24 30 35 41  46 51 57
R 5 0 0 0 / s e c .  5 .6  12 1 8  24 30 35 41 46 52  57
P  5 0 0 0 0 / s e c .  5 .7  12 19 25 30 37 42 48 53 59
( c )  C a l i b r a t i o n  o f  V a r i a b l e  R e s o l v i n g  Time C i r c u i t s :  
The v a r i a b l e  r e s o l v i n g  t im e  c i r c u i t s  w ere  
c a l i b r a t e d  u s i n g  two s e p a r a t e  m e th o d s ,  by m e a s u r in g  
t h e  f a l l  i n  c o u n t i n g  r a t e  f ro m  a  s t a n d a r d  s o u r c e  a s  
t h e  r e s o l v i n g  t im e  i s  i n c r e a s e d  f ro m  i t s  l o w e s t
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v a l u e ,  and  by u s i n g  t h e  d o u b le  p u l s e s  f ro m  c h a n n e l  
C o f  t h e  P u l s e  G e n e r a to r  t y p e  2 0 0 .
The f i r s t  m ethod i s  o n ly  s u i t a b l e  f o r  t h e  
d e t e r m i n a t i o n  o f  r e s o l v i n g  t i m e s  o f  100  m ic r o s e c o n d s  
o r  m o re .  Whore t h e  t r u e  c o u n t i n g  r a t e  o f  t h e  s o u r c e
i s  n o t  know n, some m ethod  o f  i n c r e a s i n g  i t  i n  a  known 
r a t i o  m u st be d e v i s e d  i n  o r d e r  t o  d e t e r m in e  t h e  
r e s o l v i n g  t i m e .  T h i s  h a s  b een  a c h ie v e d  by o b s e r v i n g  
t h e  d e c a y  o f  a  r a d i o a c t i v e  s o u r c e  o f  known h a l f - l i f e  
( F l a m m e r s f e l t , 1 9 3 9 ) ,  t h e  u s e  o f  m u l t i p l e  weak 
s o u r c e s  ( L i f s c h u t z  and D u f f e n d a c k , 1938  a ,  b ) ,  and 
by t h e  u s e  o f  two s o u r c e s  o f  n e a r l y  e q u a l  s t r e n g t h  
( B e e r s ,  1 9 4 2 ) ,  b u t  none  o f  t h e s e  m e th o d s  i s  c a p a b l e  
o f  g i v i n g  s u f f i c i e n t  a c c u r a c y  w i t h i n  a  r e a s o n a b l e  
m e a s u r in g  t i m e .  H ow ever, i n  t h e  c a s e  o f  c i r c u i t s  
o f  t h e  t y p e  u n d e r  c o n s i d e r a t i o n  h e r e ,  t h e  t r u e  
c o u n t i n g  r a t e  may be t a k e n  a s  t h e  c o u n t i n g  r a t e  
o b s e r v e d  when t h e  r e s o l v i n g  t im e  i s  s e t  a t  t h e  
l o w e s t  v a l u e  ( a p p r o x im a t e ly  1 m i c r o s e c o n d ) .  The 
r e s o l v i n g  t im e  a t  any  o t h e r  s e t t i n g  c a n  t h e n  be 
c a l c u l a t e d  f ro m  t h e  e x p r e s s i o n : -
I I ( n  -  n 3. 5 .
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d e r i v e d  f ro m  e q u a t i o n  3 . 4 . ,  o  b e i n g  t h e  c o u n t i n g  
r a t e  o b s e r v e d  a t  t h e  lo w e s t  r e s o l v i n g  t i m e ,  and o '  
t h a t  o b s e r v e d  a t  a  r e s o l v i n g  t im e  o f  T  . The 
v a l u e  o f  'T' o b t a i n e d  i n  t h i s  way i s  s u b j e c t  t o  a  
p e r c e n t a g e  e r r o r  e q u a l  t o  t h e  r o o t  mean s q u a re  o f  
t h e  e r r o r s  i n  o , o ' ,  and  ( o   ^ r> ' ) .  I n  t h e
c a s e  o f  t h e  s c a l e r ,  t h i s  w i l l  b e ; -
r  I I ( N  -+ N  ' ]  ^
w h ere  N  , N  a r e  t h e  c o r r e s p o n d i n g  n u m b ers  o f  
c o u n t s  r e c o r d e d .  I t  i s  c l e a r  t h a t  t h e  p e r c e n t a g e  
e r r o r  c a n  be r e d u c e d  by i n c r e a s i n g  N  , W %  I n  
t h e  r a t e m e t e r  on t h e  o t h e r  h a n d ,  t h e  e r r o r s  i n  ,
o *  a r e  d e t e r m i n e d  by t h e  s c a l e  r e a d i n g  e r r o r  o f  
t h e  i n s t r u m e n t  a n d  c a n n o t  be so r e d u c e d .
I n  m e a s u re m e n ts  u s i n g  t h i s  m e th o d ,  t h e  p h o to ­
m u l t i p l i e r ,  c o o le d  i n  l i q u i d  n i t r o g e n  and e x c i t e d  
by a  s o u r c e  o f  a p p r o x im a te l y  1 m i l l i c u r i e  o f  c o b a l t g ^  
a t  50 cm s. d i s t a n c e ,  was u s e d  a s  a  s o u r c e  o f  random  
p u l s e s .  The l i n e a r  a m p l i f i e r  was o p e r a t e d  a t  f u l l  
g a i n ,  and  t h e  p u l s e  d i s c r i m i n a t o r  o f  t h e  s c a l e r  o r  
r a t e m e t e r  a d j u s t e d  t o  g iv e  a  s u i t a b l e  c o u n t i n g  r a t e  
a t  minimum r e s o l v i n g  t i m e .  C o u n ts  w ere  t a k e n  w i t h
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t h e  s c a l e r  o v e r  5 m in u te  p e r i o d s ,  and  m e a su re m e n ts  
w i t h  t h e  r a t e m e t e r  w ere  made u s i n g  t h e  l o n g e s t  
a v a i l a b l e  i n t e g r a t i o n  t i m e .
F o r  t h e  s e t t i n g s  o f  r e s o l v i n g  t im e  up t o  and 
i n c l u d i n g  100  m i c r o s e c o n d s ,  t h e  s e c o n d  m ethod  was 
p r e f e r r e d . I n  t h i s ,  d o u b le  p u l s e s  f ro m  c h a n n e l  
C o f  t h e  p u l s e  g e n e r a t o r  w ere  f e d  d i r e c t l y  i n t o  t h e  
s c a l e r  o r  r a t e m e t e r ,  a t  a  p u l s e  r e c u r r e n c e  f r e q u e n c y  
o f  250 p u l s e s / s e c o n d ;  t h e  p u l s e  s e p a r a t i o n  was t h e n  
a d j u s t e d  m n t i l  t h e  t w i n  p u l s e s  w ere  j u s t  r e s o l v e d  and 
t h e  o b s e r v e d  c o u n t i n g  r a t e  r o s e  s h a r p l y  t o  500 p u l s e s /  
s e c o n d .  The p u l s e  s e p a r a t i o n  r e a d  o f f  t h e  c a l i b r a t e d  
d i a l  o f  t h e  p u l s e  g e n e r a t o r  t h e n  e q u a l l e d  t h e  
r e s o l v i n g  t i m e .  The e r r o r  i n  d e t e r m i n i n g  t h i s  v a l u e  
i s  s t a t e d  t o  be + ^  s c a l e  d i v i s i o n ,  t h a t  i s  + 0 .1  
m ic ro s e c o n d  on  t h e  t h e  0 - 1 0  m ic ro s e c o n d  r a n g e  o f  
p u l s e  s e p a r a t i o n ,  and + 1 m ic ro s e c o n d  on t h e  10 -  110  
m ic ro s e c o n d  r a n g e .  F o r  t h e s e  m e a s u re m e n ts ,  t h e  p u l s e  
a m p l i tu d e  was s e t  a t  20 v o l t s  and t h e  p u l s e  w id th  a t  
1 m ic r o s e c o n d .  The p u l s e  d i s c r i m i n a t o r  s e t t i n g  o f  
t h e  s c a l e r  o r  r a t e m e t e r  was 10 v o l t s .
At r e s o l v i n g  t i m e s  g r e a t e r  t h a n  100 m ic r o s e c o n d s ,  
i t  was s t i l l  p o s s i b l e  t o  u s e  p u l s e  s e p a r a t i o n  a s  a  m e a su re
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o f  r e s o l u t i o n .  The m ethod u s e d  i n  s u c h  c a s e s  was 
t o  f e e d  i n  s i n g l e  p u l s e s  o f  20 v o l t s  a m p l i tu d e  and 
1 m ic ro s e c o n d  w id th  a t  a  h ig h  p u l s e  r e c u r r e n c e  
f r e q u e n c y  and t o  a d j u s t  t h e  l a t t e r  u n t i l  t h e  o b s e rv e d  
r a t e  f e l l  be low  t h a t  i n d i c a t e d  on t h e  d i a l  o f  t h e  
p u l s e  g e n e r a t o r .  The s e p a r a t i o n  b e tw e e n  a d j a c e n t  
p u l s e s  d e t e r m in e d  by t h e  l a t t e r  r a t e  t h e n  e q u a l l e d  
t h e  r e s o l v i n g  t i m e .  The e r r o r  i n  m easu rem en t o f  
c o u n t i n g  r a t e  i s  s t a t e d  t o  be + 50 p u l s e s / s e c o n d  
o v e r  t h e  500 -  5000 p u l s e s / s e c o n d  r a n g e  and + 500 
p u l s e s  o v e r  t h e  5000 -  50000 p u l s e s / s e c o n d  r a n g e .
The c o r r e c t  v a l u e  o f  p u l s e  s e p a r a t i o n  c o u ld  be 
v e r i f i e d  by o b s e r v i n g  t h e  p u l s e s  on a  c a l i b r a t e d  
C o s s o r  O s c i l l o g r a p h  ( t y p e  1 0 3 5 ) ;  t h e  a c c u r a c y  o f  
t h e  l a t t e r  was n o t  know n, b u t  i t s  e r r o r  was p r o b a b l y  
n o t  g r e a t e r  t h a n  3 ^ .
The r e s u l t s  o f  b o t h  t y p e s  o f  m easu rem en t a r e  
su m m arised  i n  T a b l e s  V I I  and  V I I I .  I t  w i l l  be 
o b s e r v e d  t h a t  t h e  e r r o r s  f o r  t h e  l o s s  o f  c o u n t s  
m ethod  a r e  c o n s i d e r a b l y  h i g h e r  f o r  t h e  r a t e m e t e r  
t h a n  f o r  t h e  s c a l e r ,  f o r  t h e  r e a s o n  o u t l i n e d  a b o v e ,  
b u t  t h a t  t h e  n o m in a l  v a l u e s  o f  r e s o l v i n g  t im e  a r e  i n  
m ost c a s e s  c o r r e c t  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l
e r r o r .
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4 .  LUMINOPHQRS USED IN THE EXPERIMENTAI STUDIES >
( a )  C a lc iu m  T u n g s t a t e ;
E a r l y  e x p e r i m e n t s  w i t h  c a lc iu m  t u n g s t a t e  w ere  
made w i t h  opaque  p o l y c r y s t a l l i n e  s p e c im e n s  o f  
S c h e e l i t e  o f  d o u b t f u l  p u r i t y .  T h e se  w ere fo u n d  t o  be 
v e r y  v a r i a b l e  i n  p e r f o rm a n c e  and o f  low e f f i c i e n c y ;  
t h e i r  u s e  was t h e r e f o r e  d i s c o n t i n u e d .  A l l  m e a s u r e ­
m e n ts  o f  a b s o l u t e  c o u n t i n g  r a t e s  i n  t h i s  m a t e r i a l  
w ere  made w i t h  a r t i f i c i a l  c r y s t a l s  o f  p u re  c a lc iu m  
t u n g s t a t e  o b t a i n e d  from  t h e  L in d e  A i r  P r o d u c t s  Co.
L t d .  o f  New Y o rk .  T h e se  c r y s t a l s  w ere  o b t a i n e d  a s  
§ i n c h  d i a m e t e r  r o d s  up  t o  1 i n c h  i n  l e n g t h  and o f  
g r e a t  c l a r i t y .  They c o u ld  be c l e a v e d  w i th  a  s h a r p  
k n i f e  b l a d e  a t  r i g h t  a n g l e s  t o  t h e i r  l e n g t h ,  i n t o  
s e c t i o n s  o f  any  d e s i r e d  t h i c k n e s s ,  w h ich  w ere t h e n  
m oun ted  u p r i g h t  on b a ls a -w o o d  s l i p s  by means o f  a  
d ro p  o f  c e l l u l o s e  c e m e n t .  They  p ro v e d  e x t r e m e ly  
s t a b l e  t o  a t m o s p h e r i c  c o n d i t i o n s  an d  showed no 
a p p a r e n t  d e t e r i o r a t i o n  a f t e r  two y e a r s *  u s e .
( b )  T h a l l i u m - a c t i v a t e d  P o ta s s iu m  I o d i d e :
T h a l l i u m - a c t i v a t e d  p o t a s s i u m  i o d i d e  (up  t o  1 ^  
t h a l l i u m )  was o b t a i n e d  i n  t h e  fo rm  o f  c l e a r  c u b i c  c r y s t a l s  
o f  ed g e  up  t o  2 cm s. fro m  M r. J .  S h a rp e  o f  Â.E J R .E .  
H a r w e l l .  T h e se  c r y s t a l s  c o u ld  be r e a d i l y  c l e a v e d  w i th
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a  r a z o r  b l a d e  i n t o  r e c t a n g u l a r  s e c t i o n s  o f  any  
d e s i r e d  s i z e ,  and m ounted  on b a l s a - w o o d .  A l th o u g h  
r e a d i l y  s o l u b l e  i n  w a t e r ,  t h e y  w ere  s t a b l e  t o  a tm o s ­
p h e r i c  c o n d i t i o n s  i n  t h e  l a b o r a t o r y ,  b u t  showed some 
y e l l o w  d i s c o l o u r a t i o n  a f t e r  s i x  months*  u s e , p o s s i b l y  
due  t o  s u r f a c e  o x i d a t i o n  w i t h  t h e  l i b e r a t i o n  o f  s m a l l  
am o u n ts  o f  f r e e  i o d i n e .
( c ) T h a l l i u m - a c t i v a t e d  Sodium I o d i d e ; '
T ow ards  t h e  end  o f  t h e  r e s e a r c h  programme 
d e s c r i b e d  i n  t h i s  t h e s i s ,  s i n g l e  c r y s t a l s  o f  t h a l l i u m -  
a c t i v a t e d  sod ium  i o d i d e  (up  t o  1% t h a l l i u m )  were  
o b t a i n e d  i n  t h e  fo rm  o f  c u b i c  c r y s t a l s  o f  ed g e  up t o  
2 cms. f ro m  M e s s r s .  Adam H i l g e r  L t d .  T h e s e  c r y s t a l s  
w ere  p a r t i a l l y  c l e a r  a t  f i r s t ,  b u t  e x t r e m e l y  u n s t a b l e  
ow ing  t o  t h e  r a p i d  d e l i q u e s c e n c e  o f  sodium i o d i d e .  A 
c l e a v e d  s u r f a c e  became opaque  i n  a  few m i n u t e s  a t  room 
t e m p e r a t u r e  i n  t h e  open  l a b o r a t o r y ,  b u t  i t  was 
p o s s i b l e  t o  p r e s e r v e  c l e a r  c l e a v e d  s p e c im e n s  i n d e f ­
i n i t e l y  i n  a  d e s s i c a t o r  o r  on a  h o t p l a t e  ( 6 0 ^ 0 ) .  
C r y s t a l s  c o u l d  be c o n v e n i e n t l y  worked on s u c h  a  h o t ­
p l a t e  u s i n g  h o t  i n s t r u m e n t s ,  and s e c t i o n s  o f  s u i t a b l e  
s i z e  m oun ted  on b a l s a - w o o d .  Numerous v a r n i s h e s  w ere  
t e s t e d  i n  e f f o r t s  t o  f i n d  a  s u i t a b l e  c o a t i n g  t o
p r o t e c t  c r y s t a l s  m ounted  i n  t h i s  way. Canada b a l s a m  
i n  x y l e n e .  P e r s p e x  i n  b e n z e n e  o r  c h l o r o f o r m ,  s h e l l a c
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i n  c h l o r o f o r m ,  and F o rm var  i n  c h l o r o f o r m  were 
f o u n d  v a l u e l e s s ,  t h e  c r y s t a l  b ec o m in g  y e l l o w  o r  
brown w i t h  t h e  l i b e r a t i o n  o f  f r e e  i o d i n e  and 
a b s o r b i n g  a p p r e c i a b l e  am oun ts  o f  w a t e r  w i t h i n  a  
f ew  d a y s .  The m os t  s u i t a b l e  c o a t i n g  a p p e a r e d  
t o  be V a s e l i n e  (50  g m . ) d i s s o l v e d  i n  b en z èn e  
(1 0 0  m l . )  and  l i b e r a l l y  a p p l i e d  t o  a l l  s u r f a c e s  
o f  t h e  c r y s t a l ;  a b s o r p t i o n  o f  l i g h t  i n  t h e  
r e s u l t a n t  c o a t i n g  was s l i g h t ,  and c r y s t a l s  so 
t r e a t e d  showed no s i g n i f i c a n t  d e t e r i o r a t i o n  a f t e r  
s e v e n  d a y s  i n  t h e  open  l a b o r a t o r y .  Even s o ,  i t  
was f o u n d  d e s i r a b l e  t o  s t o r e  s u c h  mounted  s p e c im e n s  
i n  t h e  d e s s i c a t o r .
( d )  O r g a n i c  h y d r o c a r b o n s ;
S i n g l e  c r y s t a l s  o f  p u r e  a n t h r a c e n e  and  o f  
n a p h t h a l e n e  c o n t a i n i n g  0.5?^ a n t h r a c e n e ,  were  o b t a i n e d  
f ro m  D r .  G . H. J .  G a r l i c k  o f  B irm ingham  U n i v e r s i t y  i n  
t h e  fo rm  o f  s m a l l  f l a k e s  and  n e e d l e s  up t o  2 cm s .  
l o n g  and  o f  v a r y i n g  c l a r i t y .  They c o u l d  be r e a d i l y  
c u t  w i t h  a  r a z o r  b l a d e  and m oun ted  on b a l s a - w o o d ,  
b u t  s u b l i m e d  i n  t h e  open  l a b o r a t o r y , so t h a t  i t  was 
n e c e s s a r y  t o  s t o r e  them  i n  t i g h t l y  s t o p p e r e d  con ­
t a i n e r s  i f  c o n s t a n c y  o f  s i z e  and mass was t o  be 
m a i n t a i n e d .  T h i s  was p a r t i c u l a r l y  t r u e  o f  t h e
a n t h r a c e n e - a c t i v a t e d  n a p h t h a l e n e  s p e c i m e n s .
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5 .  SOURCES OF GAMMA-RADIATION,
( a )  D e s c r i p t i o n  o f  S o u r c e s :
The s o u r c e s  o f  g a m m a - r a d i a t i o n  u s e d  i n  t h e s e  
s t u d i e s  w ere  o b t a i n e d  f ro m  p i l e - i r r a d i a t e d  m a t e r i a l s  
f ro m  A . E . R . E .  H a r w e l l ;  t h e  r a d i o a c t i v e  i s o t o p e s  
u s e d  w ere  s o d i u m ^ . ,  c o b a l t , . , b rom incoo»  i o d i n e . __
4:4 bO o d  1^1
and  g o l d  . I n  t h e  c a s e  o f  a l l  t h e  i s o t o p e s  198
e x c e p t  c o b a l t t h e  a c t i v e  m a t e r i a l s  were  d i s s o l v e d  
i n  w a t e r  and  d i l u t e d  t o  g i v e  s o l u t i o n s  o f  s p e c i f i c  
a c t i v i t y  a p p r o x i m a t e l y  1 m i l l i c u r i e  / m i l l i l i t r e ;
p o r t i o n s  o f  t h e s e  s o l u t i o n s  c o n t a i n i n g  a p p r o x i m a t e l y
1 m i l l i c u r i e  w ere  t h e n  p i p e t t e d  i n t o  s m a l l  c y l i n d r i c a l
g l a s s  p h i a l s  a p p r o x i m a t e l y  2 i n c h e s  l o n g  and i  i n c h
i n  d i a m e t e r ,  w h ic h  were  u s e d  a s  gamma-ray  s o u r c e s .
The c o b a l t , -  s o u r c e s  c o n s i s t e d  o f  s e v e r a l  d i s c s  
bO
o f  i r r a d i a t e d  c o b a l t  m e t a l  1 i n c h  i n  d i a m e t e r  and 1 / 3 2  
i n c h  i n  t h i c k n e s s ,  e a c h  c o n t a i n i n g  a p p r o x i m a t e l y  1 
m i l l i c u r i e  o f  t h e  a c t i v e  i s o t o p e ,  and a  number  o f  
q u a r t z  a m p o u le s  o f  c o b a l t  c h l o r i d e  s o l u t i o n  c o n t a i n i n g  
v a r y i n g  am o u n ts  o f  a c t i v i t y  f ro m  1 up t o  5 m i l l i c u r i e s .
( b )  M easu rem en t  o f  S o u rc e  S t r e n g t h ;
The a b s o l u t e  s t r e n g t h s  o f  t h e  s o u r c e s  u s e d  w ere  
e s t i m a t e d  i n  t e r m s  o f  t h e  d o s a g e  r a t e s  i n  r b n t g e n s / h o u r
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a t  a  g i v e n  d i s t a n c e  f ro m  t h e  s o u r c e ,  m e asu red  by means 
o f  an i o n i s a t i o n  ch am ber  s y s t e m .  The r e l a t i o n s h i p  
b e tw e e n  t h e s e  q u a n t i t i e s  can  be  shown i n  t h e  f o l l o w i n g  
w a y : -
I t  h a s  b e e n  shown by Mayneord  (1 9 4 6 )  t h a t  i f  Ep 
i s  t h e  e n e r g y  f l u x  o f  i n c i d e n t  r a d i a t i o n  i n  e r g s  p e r  
s q .  cm. p e r  r B n t g e n ,  t h e n  t h e  e n e r g y  a b s o r b e d  p e r  g r a m -  
r f t n t g e n  i n  a i r  i s : -
^  =r f ( ^  -4- TC ) = 84 e r g s  # 3 *7 @
w here  T  , , T f  a r e  t h e  a p p r o p r i a t e  l i n e a r
a b s o r p t i o n  c o e f f i c i e n t s  f o r  p h o t o - e l e c t r i c  a b s o r p t i o n , 
Compton r e c o i l ,  and  p a i r  p r o d u c t i o n .
Now i f  t h e  c u r i e  i s  d e f i n e d  a s  3 . 7  ~ 1 0^^  d i s i n t e ­
g r a t i o n s / s e c o n d ,  t h e  i n t e n s i t y  o f  r a d i a t i o n  ( H  ) a t  a  
d i s t a n c e  o f  1 cm. f rom  a  p o i n t  s o u r c e  o f  r a d i a t i o n  o f  
s t r e n g t h  1 c u r i e  i s  g i v e n  b y ; -
—  ( 3  T. lo °  3 too .  E y . I 61 1 0 ' * )  
i+TT  ^ 2
e r g s / c m  . / h o u r ,
where  t h e  s o u r c e  i s  assum ed  t o  e m i t  one  gamma-quantum
o f  e n e r g y  B MeY, p e r  d i s i n t e g r a t i o n .  H e n c e s -
X  = I E Y e r g s / om ^ . / h o u r . 3 . 8
I f  t h e  q u a n t i t y  k i s  d e f i n e d  a s  t h e  d o s a g e  r a t e  i n
r % n t g e n s / h o u r  a t  1 cm. d i s t a n c e  i n  a i r  f ro m  a  s o u r c e  o f
1 m i l l i c u r i e ,  t h e n  f ro m  3 . 8 . : -
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i_ I-1)«5 . lO^
k  =    3 . 9 .
fan d  f r o m  3 . 7 . : -
3 . 1 0 .
2. ÛOS, lO^Ey { ' r  <T-^  -+TC )
By u s i n g  t h i s  f a c t o r ,  k ,  M ayneord  h a s  shown t h e  
r e l a t i o n s h i p  b e tw e e n  d o s a g e  r a t e  i n  r S n t g e n s / h o u r  
and  s o u r c e  s t r e n g t h  i n  m i l l i c u r i e s  i n  v a r i o u s  
i s o t o p e s .  F o r  c o n s i d e r  two s o u r c e s  o f  d i f f e r e n t  
r a d i o i s o t o p e s  A and  B o f  s t r e n g t h  Sp, , .
The r a t i o  o f  t h e  d o s a g e  r a t e s  " P r , ' P r  , i n  
r B n t g e n s / h o u r  a t  e q u a l  d i s t a n c e s  f ro m  t h e  two w i l l  
be g i v e n  b y : -
FI. ^  R
%  "  3 . 1 1 .
w here  , k  a r e  t h e  a p p r o p r i a t e  k  f a c t o r s  w h ic h  
c a n  be c a l c u l a t e d  f ro m  t h e  e x p r e s s i o n  3 . 1 0 .  a b o v e .
Where a  r a d i o - i s o t o p e  e m i t s  m ore t h a n  one gamma- 
guantum  p e r  d i s i n t e g r a t i o n  i t s  k  f a c t o r  i s  t h e  sum 
V p f  t h e  k f a c t o r s  f o r  t h e  i n d i v i d u a l  gam ma-ray  e n e r g i e s ,  
w e i g h t e d  a c c o r d i n g  t o  t h e  p r o b a b i l i t y  o f  e m i s s i o n  o f  
e a c h .  C o r r e d t i o n s  m us t  be made w here  n e c e s s a r y  f o r  
i n t e r n a l  c o n v e r s i o n  e f f e c t s .
The r e l a t i v e  d o s a g e  r a t e  a t  a  known d i s t a n c e
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f ro m  e a c h  s o u r c e  was m e a su red  i n  t e r m s  o f  t h a t  due 
t o  a  s t a n d a r d  r a d iu m  n e e d l e  w i t h  i  mm. p l a t i n u m  
f i l t r a t i o n  whose s t r e n g t h  was known f rom  N .P .L #  
c a l i b r a t i o n  t o  be 2 . 0 9  m i l l i c u r i e s ,  u s i n g  an e x p e r ­
i m e n t a l  a r r a n g e m e n t  due t o  S i n c l a i r  ( 1 9 5 0 ) .  T h i s  
c o n s i s t e d  o f  a  5 m i l l i m e t r e  c a r b o n  i o n i s a t i o n  cham ber  
c o n n e c t e d  t o  a  F . P .  54 v a l v e  e l e c t r o m e t e r  c i r c u i t  
w i t h  m i r r o r  g a l v a n o m e t e r  d i s p l a y . The i o n i s a t i o n  
cham ber  was m oun ted  on an  o p t i c a l  b en ch  p r o v i d e d  
w i t h  a d j u s t a b l e  s o u r c e  h o l d e r s .  S in c e  a  c a r b o n  
cham ber  i s  v e r y  n e a r l y  ’^ a i r - w a l l ’” (G r a y ,  1 9 3 6 ) ,  t h e  
g a l v a n o m e t e r  d e f l e c t i o i s  o b t a i n e d  w i t h  t h i s  s y s te m  
a r e  t o  a  c l o s e  a p p r o x i m a t i o n  l i n e a r l y  p r o p o r t i o n a l  
t o  t h e  d o s a g e  r a t e s  i n  r f t n t g e n s / h o u r  a t  t h e  c h a m b e r .  
M ak ing  due  a l l o w a n c e  f o r  i n v e r s e  s q u a r e  law  e f f e c t s ,  
i f  a r e  t h e  o b s e r v e d  g a l v a n o m e t e r  d e f l e c ­
t i o n s  due  t o  an unknown r a d i o - i s o t o p i c  s o u r c e  I  and 
t h e  r a d iu m  s t a n d a r d  a t  d i s t a n c e s  r e s p e c t i v e l y
f ro m  t h e  c a r b o n  c h a m b e r ,  and  i f
a r e  t h e  a p p r o p r i a t e  k - f a c t o r s  and s o u r c e  s t r e n g t h s ,  
i t  f o l l o w s  f ro m  e q u a t i o n  3 . 1 1 .  t h a t ; -
s  , 3 . 1 2 .
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I n  p r a c t i c e ,  s e v e r a l  m e a s u r e m e n t s  were  made on  e a c h  
i n d i v i d u a l  s o u r c e .  h a s  been  d e t e r m i n e d  by
M ayneord  and  R o b e r t s  ( 1 9 3 7 )  and  may be t a k e n  t o  
e q u a l  8 . 3  r f t n t g e n s / h o u r  f o r  a  s o u r c e  f i l t e r e d  by 
0 . 5  mm. o f  p l a t i n u m .  Thus i t  i s  o n l y  n e c e s s a r y  t o  
know k j -  , w h ic h  ca n  be r e a d i l y  e v a l u a t e d  i f  t h e  
d e c a y  scheme o f  t h e  r a d i o - i s o t o p e  i s  known, i n  
o r d e r  t o  c a l c u l a t e  .
Two s m a l l  c o r r e c t i o n s  m ust  be made t o  t h e  
v a l u e s  t h u s  c a l c u l a t e d ,  t h e  f i r s t  f o r  a b s o r p t i o n  o f  
g a m m a - r a d i a t i o n  i n  t h e  w a l l  o f  t h e  cham ber  and t h e  
s e c o n d  f o r  s e l f - a b s o r p t i o n  i n  t h e  s o u r c e . T h e s e  
e f f e c t s  h av e  b ee n  s t u d i e d  by S i n c l a i r ,  who h a s  
c a l c u l a t e d  t h e  f a c t o r  by w h ic h  t h e  c a l c u l a t e d  s o u r c e  
s t r e n g t h  m ust  be m u l t i p l i e d  t o  c o r r e c t  f o r  e a c h  o f  
t h e m .
( c )  C o r r e c t i o n  o f  M easu red  S o u rc e  S t r e n g t h s  f o r  
A b s o r p t i o n  E f f e c t s :
The c o r r e c t i o n  f o r  a b s o r p t i o n  i n  t h e  cham ber  
w a l l  h a s  b e e n  d e t e r m i n e d  by S i n c l a i r  by t h e  e x t r a p o ­
l a t i o n  t o  z e r o  t h i c k n e s s  o f  t h e  e x p e r i m e n t a l  c u r v e  
o f  i o n i s a t i o n  c u r r e n t  a g a i n s t  w a l l  t h i c k n e s s  i n  
c a r b o n  ch a m b e r s  f o r  t h e  r a d i o - i s o t o p e  c o n c e r n e d .
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The r e q u i r e d  f a c t o r  i s  t h e  r a t i o  o f  t h e  c o r r e c t i o n  
f o r  t h e  r a d i o - i s o t o p e  t o  t h a t  f o r  r a d i u m ,  and f o r  
t h i s  r e a s o n  i s  c l o s e  t o  u n i t y ;  i n  f a c t ,  a b s o r p t i o n  
i n  t h e  w a l l  can  be i g n o r e d  f o r  a l l  t h e  r a d i o - i s o t o p e s  
s t u d i e d  h e r e  w i t h  t h e  e x c e p t i o n  o f  i o d i n e ^ ^ ^
No c o r r e c t i o n  i s  r e q u i r e d  f o r  s e l f - a b s o r p t i o n  i n  
t h e  r a d iu m  s t a n d a r d ,  s i n c e  t h e  k - f a c t o r  u s e d  ( 8 . 3  
r f t n t g e n s / h o u r ) i s  c o r r e c t  f o r  a  s o u r c e  f i l t e r e d  by 
0 . 5  mm. o f  p l a t i n u m .  A ls o  i n  t h e  c a s e  o f  t h e  c o b a l t  
d i s c  s o u r c e s ,  s e l f - a b s o r p t i o n  may be i g n o r e d .  However 
f o r  t h e  l i q u i d  s o u r c e s ,  t h e  e f f e c t  i s  n o t  n e g l i g i b l e , 
and  h a s  b e e n  c o n s i d e r e d  i n  d e t a i l  by Evans and E vans
( 1 9 4 8 ) .  T h e s e  a u t h o r s  g i v e  t h e  f o l l o w i n g  f o r m u l a  
f o r  s e l f - a b s o r p t i o n  i n  a  l i q u i d  s o u r c e  e n c l o s e d  i n  a
c y l i n d r i c a l  v e s s e l : -
= 3 . 1 3 .
w here  N = num ber  o f  q u a n t a  l e a v i n g  s o u r c e  i n  u n i t  t i m e  
Nj,=t num ber  o f  q u a n t a  p r o d u c e d  i n  u n i t  t i m e  
R =s r a d i u s  o f  volume o f  l i q u i d  
t  = t h i c k n e s s  o f  w a l l  o f  c o n t a i n i n g  v e s s e l  
juL -  t o t a l  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  o f  
l i q u i d
t o t a l  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  o f  
g l a s s
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and  A. — -+
V a l u e s  o f  f o r  w a t e r  a r e  t o  be f o u n d
i n  A p p e n d ix  I ,  w h i l e  may be e s t i m a t e d  a s
, a l l o w i n g  f o r  t h e  d i f f e r e n c e  i n  d e n s i t y
I ■ 11
and  a t o m i c  c o n s t i t u t i o n  o f  t h e  two m a t e r i a l s .
F o r  t h e  p h i a l s  u s e d  t o  h o l d  t h e  l i q u i d  s o u r c e s ,
R a  0 . 5 4  c m . , t  a  0 . 1  c m . ,  and h e n c e ,  s u b s t i t u t i n g  
t h e s e  v a l u e s  i n  e x p r e s s i o n  3 . 1 3 .
F o r  a  c o m p le x  s o u r c e ,  i t  i s  s u f f i c i e n t  t o  u s e  i n  t h i s  
e x p r e s s i o n  t h e  v a l u e  o f  c o r r e s p o n d i n g  t o  t h e
mean gam m a-ray  e n e r g y  o f  t h e  e m i t t e d  r a d i a t i o n .
I n  T a b l e  IX ,  t h e  v a l u e s  o f  b o t h  c o r r e c t i o n  f a c t o r s  
c a l c u l a t e d  by S i n c l a i r  a r e  l i s t e d .  I t  w i l l  be o b s e r v e d  
t h a t  i n  no c a s e  d o e s  t h e  t o t a l  c o r r e c t i o n  amount t o  
more t h a n  5% • The ^^am%Fs^e e r r o r  i n  t h e  m easu red  
s o u r c e  s t r e n g t h s  a f t e r  c o r r e c t i o n  i n  t h i s  way i s  
s t a t e d  by S i n c l a i r  t o  be  + 4%.
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T a b l e  1%
C o r r e c t i o n  F a c t o r s  f o r  5 mm. C arbon  I o n i s a t i o n  
Chamber S y s t e m .
I s o t o p e S e l f  A b s o r p t i o n  
C o r r e c t i o n  
F a c t o r
C a rb o n  W all  
C o r r e c t i o n  
F a c t o r
T o t a l
C o r r e c t i o n
F a c t o r
^ ^ 1 9 8 1 . 0 2 6 1 . 0 2 3 1 . 0 5
^131 1 . 0 2 6 1 .0 2 3 1 . 0 5
®^82 1 . 0 2 5 1 . 0 0 1 . 0 2
1 .0 2 2 1 . 0 0 1 . 0 2
N a , , 1 . 0 2 0 1 . 0 0 1 . 0 2
5 .  RADIO-ISOTOPE DECAY SCHEMES:
( a )  I n  o r d e r  t o  c a l c u l a t e  t h e  r a t e  o f  r e l e a s e  o f  
s e c o n d a r y  e l e c t r o n s  i n  a  lu m i n o p h o r  o f  known 
c o m p o s i t i o n  by a  r a d i o - i s o t o p e  s o u r c e  o f  gamma- 
r a d i a t i o n ,  i t  i s  n e c e s s a r y  t o  know b o t h  t h e  s t r e n g t h  
o f  t h e  s o u r c e  i n  m i l l i c u r i e s  and t h e  d e c a y  scheme o f  
t h e  r a d i o - i s o t o p e  ( s e e  s u b - s e c t i o n  I I . 2 ) .  The 
s t r e n g t h  may be d e t e r m i n e d  e x p e r i m e n t a l l y  a s  d e s c r i b e d  
i n  t h e  p r e v i o u s  s u b - s e c t i o n  ( I I I . 4 ) ,  b u t  t h i s  d e t e r ­
m i n a t i o n  r e q u i r e s  a  k n o w led g e  o f  t h e  k  f a c t o r  f o r  t h e  
r a d i o - i s o t o p e ,  w h ich  m ust  a l s o  be e v a l u a t e d  f ro m  t h e  
d e c a y  sc h e m e .  I t  h a s  t h e r e f o r e  been  n e c e s s a r y  f o r
oc
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t h e  p u r p o s e  o f  t h e s e  s t u d i e s  t o  assum e d e c a y  schem es  
f o r  t h e  r a d i o - i s o t o p e s  s t u d i e d ;  a l l  t h e  c a l c u l a ­
t i o n s  i n  t h e  s e c t i o n s  t h a t  f o l l o w  h ave  b een  b a s e d  on 
t h e  s c h em e s  shown i n  f i g u r e s  18  -  2 2 .  The v a l u e s  
f o r  t h e  h a l f - l i v e s  a r e  t h o s e  q u o t e d  i n  S e a b o r g  and 
P e r l m a n ’ s  t a b l e s  ( 1 9 4 8 ) ;  i t  i s  t h e s e  v a l u e s  t h a t  
h a v e  b ee n  u s e d  w here  n e c e s s a r y  t o  c o r r e c t  t h e  m e a s u r e d  
s o u r c e  s t r e n g t h s  f o r  r a d i o a c t i v e  d ecay #  A lso  i n c l u d e d  
a r e  t h e  k - f a c t o r s  c a l c u l a t e d  f ro m  t h e  assum ed d e c a y  
s ch em es  a s  d e s c r i b e d  i n  s u b - s e c t i o n  I I I . 4# I t  w i l l  
be o f  v a l u e  a t  t h i s  p o i n t  b r i e f l y  t o  r e v i e w  t h e
h i s t o r i c a l  e v i d e n c e  on w h ic h  t h e s e  d a t a  a r e  b a s e d .
/3
( b )  Sodium 24s ( M  24 — > Mg 2 4 . ) :
T h i s  d i s i n t e g r a t i o n  h a s  b een  s t u d i e d  by n u m ero u s  
w o r k e r s  a n d  i s  w e l l  s u b s t a n t i a t e d .  The l a t e s t  
d e t e r m i n a t i o n  was by S ie g b a h n  ( 1 9 4 7 )  who f o u n d  one 
b e t a - r a y  g r o u p  o f  end p o i n t  e n e r g y  1 . 3 9  MeV. and two 
gam m a-ra y 3 o f  e q u a l  i n t e n s i t y  a t  1 . 3 8  and 2 . 7 6  MeV. 
R o b i n s o n ,  T e r - P o g o s s i a n  and  Cook ( 1 9 4 9 )  f o u n d  t h e  
gammaf=ray e n e r g i e s  t o  be 1 . 3 8 0  and  2 . 7 6 5  MeV. 
C o i n c i d e n c e  s t u d i e s  ( M i t c h e l l ,  1 9 4 8 )  showed t h a t  t h e
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d e c a y  c o n s i s t s  o f  t h e  b e t a - r a y  g r o u p  f o l l o w e d  by 
t h e  two g a m m a -ra y s  i n  c a s c a d e .
R e c e n t  m e a s u r e m e n t s  by Solomon ( 1 9 5 0 ) ,  S i n c l a i r  
an d  H o l lo w ay  ( 1 9 5 1 )  and  S r e b  ( 1 9 5 1 )  i n d i c a t e  a  v a l u e  
o f  1 5 . 0 4  h o u r s  f o r  t h e  h a l f - l i f e , r a t h e r  t h a n  t h a t  
o f  1 4 . 8  h o u r s  q u o t e d  by S e a b o r g  and  P e r l m a n .  S i n c e  
s o u r c e s  w ere  r a r e l y  s t u d i e d  f o r  m ore  t h a n  f i v e  h o u r s  
a f t e r  m e a s u r e m e n t ,  t h e  e r r o r s  i n t r o d u c e d  by t h e  u s e  
o f  t h e  l a t t e r  v a l u e  a r e  s m a l l .
( c )  C o b a l t  6 0 ;  (Co 60 Mi 6 0 h
The 5 . 3  y e a r  i s o m e r  o f  t h i s  t r a n s i t i o n  was 
s t u d i e d  by  D e u t s c h ,  E l l i o t t  and  R o b e r t s  ( 1 9 4 5 )  who 
showed i t  t o  e m i t  one  b e t a - r a y  o f  0 . 3 0 8  MeV. f o l l o w e d  
by  two g a m m a - ra y s  i n  c a s c a d e  a t  1 . 1 0  and  1 . 3 0  MeV. 
J e n s e n ,  L a s l e t t  and  P r a t t  (1949  a )  g a v e  t h e  gam m a-ray  
e n e r g i e s  a s  1 . 1 5 6  an d  1 . 3 1 7  MeV. More r e c e n t  d e t e r ­
m i n a t i o n s  h a v e  s u g g e s t e d  v a l u e s  n e a r e r  t o  1 . 1 7  and  
1 . 3 3  MeV. ( J e n s e n ,  L a s l e t t  and  P r a t t ,  1949  b ;  A 1 b u r g e r ,  
1 9 4 9 ;  L i n d ,  B row n ,  and  d u  Mond, 1 9 4 9 ) .  D e u t s c h  and 
S i e g b a h n  ( 1 9 5 0 )  showed t h a t  i n t e r n a l  c o n v e r s i o n  o f  
Co 60 g a m m a - r a d i a t i o n  am oun ted  t o  l e s s  t h a n  0 . 0 0 1 $ .
( d )  Brom ine 8 2 ;  (B r  82 Kr 8 2 ) ;
The  s p e c t r u m  o f  b ro m in e  82 was o r i g i n a l l y  workedt
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o u t  by R o b e r t s ,  Downing and  D e u t s c h  ( 1 9 4 1 ) .  They 
f o u n d  one b e t a - r a y  g r o u p  o f  maximum e n e r g y  0 .4 6 5  
MeV. f o l l o w e d  by t h r e e  g am m a-rays  i n  c a s c a d e  a t  
0 . 5 4 7 ,  0 . 7 8 7 ,  and  1 . 5 5  MeV. More r e c e n t l y ,  S i e g b a h n ,  
Hedgman and D e u t s c h  ( 1 9 4 9 )  h av e  shown t h e  d e c a y  t o  be 
much more c o m p l i c a t e d ,  w i t h  a s  many a s  s i x  gam m a-rays  
a l l  i n t e r n a l l y  c o n v e r t e d .  I t  seems l i k e l y  t h a t  t h e  
d e c a y  scheme p r o p o s e d  by  t h e s e  w o r k e r s  w i l l  e v e n t u a l l y  
r e q u i r e  s t i l l  f u r t h e r  r e v i s i o n .  I n  v iew  o f  t h i s  f a c t ,  
and  i n  t h e  i n t e r e s t s  o f  s i m p l i c i t y ,  t h e  e a r l i e r  sbheme 
h a s  b een  a c c e p t e d  h e r e ,  i n t e r n a l  c o n v e r s i o n  b e i n g  
n e g l e c t e d .  M e a s u re m e n t s  by S i n c l a i r  and  H o l low ay  
( 1 9 5 1 )  s u g g e s t  a  h a l f - l i f e  o f  36 h o u r s  f o r  t h e  i s o t o p e  
r a t h e r  t h a n  t h e  v a l u e  o f  34 h o u r s  g i v e n  by S e a b o r g  and 
P e r l m a n .  The e r r o r s  i n t r o d u c e d  i n  t h i s  work by t h e  
u s e  o f  t h e  l a t t e r  v a l u e  a r e  s m a l l .
( e )  I o d i n e  1 3 1 :  ( I  1 3 1 Xe  131)i
The e a r l i e s t  s t u d y  on t h i s  d i s i n t e g r a t i o n  by 
D ow ning ,  D e u t s c h  and R o b e r t s  ( 1 9 4 7 )  was c a r r i e d  o u t  
w i t h  e x t r e m e l y  weak s o u r c e s ,  and  i s  u n r e l i a b l e .  The  
scheme shown i n  f i g u r e  21 i s  t h a t  o f  M e tz g e r  and 
D e u t s c h  ( 1 9 4 8 )  who f o u n d  gam m a-rays  a t  0 . 0 8 ,  0 . 2 8 3 ,
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0 . 3 6 3  and  0 . 6 3 8  MeV,, and  b e t a - r a y  g r o u p s  a t  0 . 6 0  
and  0 . 3 2  MeV. maximum e n e r g y .  More r e c e n t  m e a s u r e ­
m e n t s  by Owen, Moe and  Cook ( 1 9 4 9 ) ;  K e r n ,  M i t c h e l l  
and  Z a f f a r a n o  ( 1 9 4 9 ) ,  and  L in d  e t  a l .  ( 1 9 4 9 )  showed 
t h a t  some m o d i f i c a t i o n  o f  t h i s  scheme m ig h t  be 
n e c e s s a r y ,  a l t h o u g h  t h e  w a v e l e n g t h s  o f  t h e  m a in  
g a m m a -ra y s  r e m a i n e d  e s s e n t i a l l y  t h e  sam e .  Mo b , Owen 
and Cook ( 1 9 4 9 ) »  and  K e r n ,  M i t c h e l l  and  Z a f f a r a n o
( 1 9 4 9 )  f o u n d  some e v i d e n c e  o f  a  weak gam m a-ray  a t  
0 . 1 6 3  MeV, T h i s  was a t t r i b u t e d  by Cork e t  a l .  ( 1 9 4 9 )  
t o  a  m e t a - s t a b l e  s t a t e  o f  Xe .
± J±
I n  t h e  i n t e r e s t s  o f  u n i f o r m i t y  w i t h  o t h e r  l a b o r a ­
t o r i e s  i n  t h i s  c o u n t r y ,  t h e  scheme o f  M e tz g e r  and  D e u t s c h  
was a d o p t e d  f o r  t h e s e  s t u d i e s .  The t h r e e  low e n e r g y  
g am m a-ray s  a r e  a l l  i n t e r n a l l y  c o n v e r t e d ,  and  i n  T a b l e  
X t h e  c o n v e r s i o n  c o e f f i c i e n t s  b a s e d  on t h e  d e c a y  
schem es  o f  M e t z g e r  and D e u t s c h  ( P u tm a n ,  1 949 )  and o f  
K e r n ,  M i t c h e l l  and  Z a f f a r a n o  ( M i t c h e l l ,  1 9 5 0 )  a r e  
show n.  The  h i g h  f i g u r e  o f  t h e  c o n v e r s i o n  c o e f f i c i e n t
f o r  t h e  0 . 0 8  MeV, gam m a-ray  b a s e d  on t h e  scheme o f  
M e tz g e r  and D e u t s c h  s u g g e s t s  t h a t  t h e  l a t t e r  i s  
p r o b a b l y  i n  e r r o r .  However t h e  d i f f e r e n c e  b e tw een
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t h e  two schem es  i s  v e r y  s m a l l  i n  p r a c t i c e ;  t h e  
s u b s t i t u t i o n  o f  K e r n ,  M i t c h e l l  and  Z a f f a r a n o ’ s 
scheme would  i n v o l v e  an i n c r e a s e  o f  3^ i n  t h e  k -  
f a c t o r  f o r  i o d i n e ;  and  an  i n c r e a s e  o f  l ^  i n  t h e  
c a l c u l a t e d  c o u n t i n g  r a t e s  i n  l u m i n o p h o r e  due t o  
1 m i l l i c u r i e  o f  t h e  r a d i o i s o t o p e  a t  1 m e t r e .
The n e t t  e f f e c t  on  t h e  r a t i o  o f  t h e  o b s e r v e d  c o u n t i n g  
r a t e  due t o  1 m i l l i c u r i e  a t  1 m e t r e  t o  t h e  c a l c u l a t e d  
r a t e  w i l l  be n e g l i g i b l e .
T a b l e  X .
I n t e r n a l  C o n v e r s i o n  o f  Gamma-Ravs f ro m  I o d i n e  1 3 1 .
Gamma-ray E n e rg y  N y N y
( M i t c h e l l ) (P u tm an )
0 . 0 8  MeV. 17^  80^
0 . 2 8 3  MeV. 7 . 9 ^  5%
0 . 3 6 3  MeV. 1 . 8 ^  1 .
f t
( f  ) Gold 1 9 8 ;  ( Au 1 9 8 - > H g  198 ) .
The s p e c t r o g r a p h i c  r e s u l t s  o f  Levy  and G r e u l i n g
( 1 9 4 8 ) ,  i n d i c a t i n g  s e v e r a l  gam m a-rays  and two b e t a - r a y  
g r o u p s  i n  t h i s  d i s i n t e g r a t i o n  a r e  p r o b a b l y  u n r e l i a b l e ,  
and may be due t o  i m p u r i t i e s .  L a t e r  r e s u l t s  by 
P e a c o c k  and  W i l k i n s o n  ( 1 9 4 8 ) ,  S i e g b a h n  and  H edgran
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( 1 9 4 9 ) ,  and  c o i n c i d e n c e  m e a s u r e m e n t s  by J lurney (1 9 4 8 )  
a r e  i n  good  a g r e e m e n t .  A s im p le  b e t a - r a y  g ro u p  o f  
maximum e n e r g y  0 . 9 7  MeV. i s  f o l l o w e d  by a  s i n g l e  
gam m a-ray  a t  0 . 4 1 1  MeV.,  i n t e r n a l l y  c o n v e r t e d .  The 
c o n v e r s i o n  c o e f f i c i e n t  was g i v e n  by du  Mond, L in d  and
W atson  ( 1 9 4 8 )  a s  4 . 3 ^ .
S c i n t i l l a t i o n  s p e c t r o m e t e r  s t u d i e s  b y i . P r i n g l e
( 1 9 5 0 )  and by H o f s t a d t e r  ( 1 9 5 0 )  showed some e v i d e n c e  
o f  a  h i g h e r  e n e r g y  gam m a-ray  a t  a p p r o x i m a t e l y  1 . 0 5  
M eV., and  an  e m i s s i o n  p r o b a b i l i t y  o f  a p p r o x i m a t e l y
w i t h  p o s s i b l y  a  f u r t h e r  com ponen t  a t  0 . 6 8  MeV,
T h e s e  r a y s ,  i f  p r e s e n t ,  a r e  n o t  o f  s u f f i c i e n t  i n t e n s i t y  
s i g n i f i c a n t l y  t o  a f f e c t  t h e  e x p e r i m e n t a l  r e s u l t s  on 
a b s o l u t e  c o u n t i n g  r a t e .
IOOOO , Rqtg 1 c<)uMs^
l O O C
l O O
ondl
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mmM
I
3 0  4 0  5 0
P u l s e  D i s c r i m i n a t o r  S e t t i n g  ( v o l t s )
100
SECTION IV ; EXPERIMENTAL RESULTS,
1 .  STATISTICAL STUDIES ON THE TYPE I  P 21 PHOTO­
MULTIPLIER TUBE.
( a )  P h o t o - m u l t i p l 1 e r  D a rk  C u r r e n t  P u l s e  A m p l i t u d e  
D i s t r i b u t i o n :
I n i t i a l  e x p e r i m e n t s  w ere  c o n c e r n e d  w i t h  
m e a s u r i n g  t h e  p u l s e  a m p l i t u d e  d i s t r i b u t i o n  o f  t h e  
p h o t o - m u l t i p l i e r  d a r k  c u r r e n t  p u l s e s .  I t  was 
a n t i c i p a t e d  t h a t  t h e s e  d i s t r i b u t i o n s  would  show a  
p e a k  c o r r e s p o n d i n g  t o  t h e  e m i s s i o n  o f  s i n g l e  e l e c t r o n s  
a t  t h e  c a t h o d e  o f  t h e  p h o t o - m u l t i p l i e r .
M e a s u r e m e n t s  w ere  made w i t h  t h e  u n s t i m u l a t e d  
p h o t o - m u l t i p l i e r  c a s e  m oun ted  u p r i g h t , c l o s e d  by  t h e  
s t o p  shown i n  f i g u r e  13  ( i n s e t  F ) .  The i n t e r - d y n o d e  
p o t e n t i a l  w as  1 08  v o l t s  and  t h e  a m p l i f i e r  a t t e n u a t i o n  
1 0  dB ( n o m i n a l ) .  C o u n t i n g  r a t e s  w ere  p b s e r v e d  w i t h  
t h e  r a t e m e t e r ,  t h e  r e s o l v i n g  t i m e  o f  t h e  l a t t e r  b e i n g  
s e t  a t  1 0 0  m i c r o s e c o n d s  ( n o m i n a l ) .
I n  f i g u r e  23 a r e  shown c u r v e s  o f  o b s e r v e d  
c o u n t i n g  r a t e  p l o t t e d  a s  a  f u n c t i o n  o f  p u l s e  d i s c r i m ­
i n a t o r  s e t t i n g  f o r  t h e  u n s t i m u l a t e d  p h o t o - m u l t i p l i e r .  
Curve A shows m e a s u r e m e n t s  made a t  room t e m p e r a t u r e
to
o
(0
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(1 9 » 5 ° C )  w h i l s t  t h e  m e a s u r e m e n t s  o f  c u r v e  B w e re  made 
w i t h  t h e  p h o t o - m u l t i p l i e r  c o o l e d  w i t h  s o l i d  c a r b o n  
d i o x i d e  o v e r  a  p e r i o d  o f  s e v e r a l  h o u r s ,  a l l  c o u n t i n g  
r a t e s  b e i n g  c o r r e c t e d  f o r  r e s o l v i n g  t i m e  l o s s e s .  I n  
f i g u r e  2 4 ,  d i f f e r e n t i a l  c u r v e s  o f  p u l s e  a m p l i t u d e  
d i s t r i b u t i o n  d e r i v e d  f ro m  t h e  d a t a  o f  f i g u r e  23 a r e  
shown; t h e s e  d i s t r i b u t i o n s  w ere  o b t a i n e d  by t a k i n g  
t h e  i n c r e m e n t  i n  c o u n t i n g  r a t e  o v e r  e a c h  o n e - v o l t  
s t e p  i n  p u l s e - d i s c r i m i n a t o r  s e t t i n g  i n  t h e  i n t e g r a l  
c u r v e s .  Some e v i d e n c e  o f  a  p e a k  i n  t h e  n e i g h b o u r h o o d  
o f  1 8  v o l t s  p u l s e  d i s c r i m i n a t i o n  i s  a p p a r e n t , b u t  t h e  
d a r k  c u r r e n t  d i s t r i b u t i o n s  a r e  s e e n  t o  i n c l u d e  many 
v e r y  s m a l l  p u l s e s ;  p a r t i c u l a r l y  i s  t h i s  t r u e  a t  
room t e m p e r a t u r e .  T h e s e  s m a l l  p u l s e s  may be due t o  
e l e c t r o n  e m i s s i o n  f ro m  t h e  d y n o d e s  s u c c e e d i n g  t h e  
p h o t o - c a t h o d e ,  t o  g a s - i o n  e f f e c t s ,  o r  t o  l e a k a g e  
c u r r e n t s  a c r o s s  t h e  p h o t o - m u l t i p l i e r  b a s e .
( b )  P u l s e  a m p l i t u d e  D i s t r i b u t i o n s  u n d e r  S t i m u l a t i o n  
bv C o n t i n a o u s  L i a h t ;
M e a s u r e m e n t s  u n d e r  s t i m u l a t i o n  by c o n t i n u o u s  
l i g h t  w e re  made u s i n g  t h e  p i n h o l e  c o l l i m a t o r  shown 
i n  f i g u r e  13  ( i n s e t  D ) .  I n  o r d e r  t o  o b s e r v e  t h e
s m a l l  p u l s e s  p r o d u c e d  by s i n g l e  p h o t o n s  i n c i d e n t  u p o n
i O O O O r ^ Q ^ n t i n g  ,R
l O O O -
l O O
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t h e  p h o t o - c a t h o d e ,  i t  was fo u n d  n e c e s s a r y  t o  c o o l  
t h e  p h o t o - m u l t i p l i e r .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  
c o l l i m a t o r  c o u l d  n o t  be m oun ted  d i r e c t l y  o n  t o  t h e  
p h o t o - m u l t i p l i e r  c a s e ,  s i n c e  f r o s t i n g  was t h e n  f o u n d  
t o  o b s c u r e  t h e  p i n h o l e  ; f o r  t h i s  r e a s o n  t h e  s e c o n d  
a r r a n g e m e n t  d e s c r i b e d  i n  s u b - s e c t i o n  I I I . l .  i n  w h ic h  
t h e  c o l l i m a t o r  i s  s c r e w e d  i n t o  t h e  l i g h t  g u i d e  
a s s e m b l y  o f  f i g u r e  13 ( i n s e t  A.) was p r e f e r r e d .  The 
l i g h t  s o u r c e  was a  w h i t e  c a r d b o a r d  d i f f u s e r  p l a c e d  
on t h e  a x i s  o f  t h e  c o l l i m a t o r  and  i l l u m i n e d  by a  40 
w a t t  i n c a n d e s c e n t  l i g h t  b u l b  s e v e r a l  m e t r e s  d i s t a n t .
The p h o t o - m u l t i p l i e r  was c o d e d  w i t h  l i q u i d  n i t r o g e n  
f o r  s e v e r a l  h o u r s  b e f o r e  m e a s u r e m e n t s  were  commenced, 
t h e  c o u n t i n g  r a t e  d u e  t o  t h e  u n  s t i m u l a t e d  t u b e  b e i n g  
t h e n  l e s s  t h a n  1 c o u n t / s e c o n d  a t  5 v o l t s  p u l s e  d i s c r i m ­
i n a t i o n ,  and  a t  a l l  t i m e s  l e s s  t h a n  I S  o f  t h e  o b s e r v e d  
r a t e s  u n d e r  l i g h t  s t i m u l a t i o n .
Curve  A o f  f i g u r e  25 i s  an  i n t e g r a l  c u r v e  o f  
o b s e r v e d  c o u n t i n g  r a t e  p l o t t e d  a s  a  f u n c t i o n  o f  p u l s e  
d i s c r i m i n a t o r  s e t t i n g  when no f i l t e r  was p r e s e n t  b e tw e e n  
l i g h t  s o u r c e  and  c o l l i m a t o r ;  c u r v e  B shows t h e  
o b s e r v e d  c o u n t i n g  r a t e s  when an  I l f o r d  " S p e c t ru m  Blue'"  
f i l t e r  was i n t e r p o s e d .  B o th  s e t s  o f  o b s e r v a t i o n s
ftli
*€ja.
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w ere  made w i t h  an i n t e r - d y n o d e  p o t e n t i a l  o f  108 
v o l t s ,  and  an a m p l i f i e r  a t t e n u a t i o n  o f  10 dB, and 
a r e  c o r r e c t e d  f o r  r e s o l v i n g  t i m e  l o s s e s  i n  t h e  
r a t e m e t e r .  I n  f i g u r e  26 t h e  d e r i v e d  d i f f e r e n t i a l  
c u r v e s  a r e  s e e n ;  i t  w i l l  be n o t e d  t h a t  t h e s e  d i s ­
t r i b u t i o n s  show a  d i s t i n c t  p e a k  a t  a p p r o x i m a t e l y  
18 v o l t s  d i s c r i m i n a t i o n .
F i g u r e s  27 and 28 show t h e  e f f e c t  o f  v a r y i n g  
t h e  i n t e r - d y n o d e  p o t e n t i a l  w h i l s t  k e e p i n g  t h e  
l i g h t  s t i m u l a t i o n  c o n s t a n t ,  w i t h  t h e  I l f o r d  
" S p e c t ru m  B l u e ’’^ f i l t e r  i n  p o s i t i o n .  The a m p l i f i e r  
a t t e n u a t i o n  was m a i n t a i n e d  a t  10  dB. d u r i n g  t h i s  
s e r i e s  o f  m e a s u r e m e n t s ,  e x c e p t  f o r  t h o s e  p l o t t e d  
a t  a  p u l s e  d i s c r i m i n a t o r  s e t t i n g  o f  1 . 6  v o l t s ;  t h e  
l a t t e r  w ere  i n  f a c t  made a t  an  a t t e n u a t i o n  o f  0 d B . ,  
and  a  p u l s e  d i s c r i m i n a t o r  s e t t i n g  o f  5 v o l t s ,  and  
f a c i l i t a t e  e x t r a p o l a t i o n  o f  t h e  o b s e r v e d  d i s t r i b u t i o n  
t o  a  d i s c r i m i n a t i o n  o f  0 v o l t s .  Am e x a m i n a t i o n  o f  
t h e  i n t e g r a l  c u r v e s  o f  f i g u r e  27 s u g g e s t s  t h a t  a s  
t h e  i n t e r - d y n o d e  v o l t a g e  i s  r e d u c e d , an i n c r e a s i n g  
num ber  o f  p h o t o - e l e c t r o n s  a r e  l o s t  i n  t h e  m u l t i p l i e r  
and f a i l  t o  be r e c o r d e d .
i4-
y
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The e f f e c t  o f  v a r y i n g  t h e  w a v e l e n g t h  o f  t h e  
l i g h t  s o u r c e  was s t u d i e d  by i n t e r p o s i n g  v a r i o u s  
f i l t e r s  b e tw e e n  t h e  l i g h t  s o u r c e  and  t h e  c o l l i m a t o r ,  
t h e  l i g h t  i n t e n s i t y  b e i n g  a d j u s t e d  f o r  e a c h  s e t  o f  
o b s e r v a t i o n s  t o  g i v e  an a p p r o x i m a t e l y  c o n s t a n t  
maximum c o u n t i n g  r a t e  o f  300 c o u n t  s / s e c o n d .  The 
a m p l i f i e r  a t t e n u a t i o n  was m a i n t a i n e d  a t  10  dB* and 
t h e  i n t e r - d y n o d e  p o t e n t i a l  a t  108 v o l t s  t h r o u g h o u t  t h e s e  
m e a s u r e m e n t s .  No s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  t h e  
f o rm s  o f  t h e  d i s t r i b u t i o n s  c o u l d  be o b s e r v e d ;  i t  may 
be i n f e r r e d  t h e r e f o r e  t h a t  t h e  d i s t r i b u t i o n s  o b t a i n e d  
i n  p r a c t i c a l  s c i n t i l l a t i o n  c o u n t e r s  w i l l  n o t  d ep e n d  
u p o n  t h e  w a v e l e n g t h  o f  t h e  l i g h t  e m i t t e d  by t h e  l u m i n o -  
p h o r ,  e x c e p t  i n  so f a r  a s  t h e  quantum  e f f i c i e n c y  ( )
o f  t h e  p h o t o - c a t h o d e  d e p e n d s  on t h i s  w a v e l e n g t h .
( c )  P u l s e  A m p l i t u d e  D i s t r i b u t i o n s  u n d e r  S t i m u l a t i o n  by 
P u l s e d  L i g h t :
M e a s u re m e n ts  u n d e r  s t i m u l a t i o n  by p u l s e d  l i g h t  
w ere  made b o t h  w i t h  t h e  p h o t o - m u l t i p l i e r  u n c o o l e d ,  t h e  
c o l l i m a t o r  b e i n g  s c re w e d  d i r e c t l y  i n t o  t h e  b r a s s  c a s e ,  
and w i t h  t h e  p h o t o - m u l t i p l i e r  c o o l e d ,  t h e  c o l l i m a t o r  
b e i n g  s c re w e d  i n t o  t h e  l i g h t  g u i d e  a s s e m b l y  a s  j u s t
c  O
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d e s c r i b e d .  The l i g h t  p u l s e s  w ere  p ro d u c e d  m e c h a n i c a l l y  
by t h e  m ethod shown i n  f i g u r e  2 9 .  A c o n v e r g i n g  beam 
o f  l i g h t  from  a  t u n g s t e n  lamp m oun ted  i n  a  h o u s in g  was 
d i r e c t e d  on t o  a  s m a l l  ( 2 cm. x 1 c m .)  m i r r o r  m oun ted
on t h e  s h a f t  o f  a  h i g h  s p e e d  m o to r .  The r e f l e c t e d  
beam t r a v e r s e d  an  o p t i c a l  p a t h  o f  some 170 c m s . ,  
a f t e r  w h ich  i t  came t o  a  f o c u s  i n  t h e  p la n e  o f  t h e  
f i r s t  p in h o l e  o f  t h e  c o l l i m a t o r .  I t s  i n t e n s i t y  c o u ld  
be v a r i e d  by a d j u s t i n g  t h e  c u r r e n t  t h r o u g h  t h e  t u n g s t e n  
la m p ,  i t s  d u r a t i o n  by a d j u s t i n g  t h e  d im e n s io n s  o f  t h e  
l i g h t  s p o t  p a s s i n g  a c r o s s  t h e  c o l l i m a t o r ,  and i t s  
f r e q u e n c y  by a d j u s t i n g  t h e  sp e e d  o f  r o t a t i o n  o f  t h e  
m o to r .  The fo rm  and  d u r a t i o n  o f  t h e  p u l s e s  p ro d u c e d  
a t  t h e  o u t p u t  o f  t h e  l i n e a r  a m p l i f i e r  w ere  o b s e r v e d  i n  
a  d o u b le  beam C o s s o r  O s c i l l o g r a p h  ( t y p e  1 0 5 5 ) .  I n  a l l  
t h e  m e a s u re m e n ts  q u o te d  h e r e ,  t h e  s p e e d  o f  r o t a t i o n  o f  
t h e  m o to r  was 88 r e v s . / s e c o n d , and  t h e  d i a m e t e r  o f  t h e  
l i g h t  s p o t  i n  t h e  p la n e  o f  t h e  p i n h o l e  0 . 8  cm .; t h e s e  
v a l u e s  c o r r e s p o n d  t o  a  l i g h t  p u l s e  o f  d u r a t i o n  4 .3  
m i c r o s e c o n d s ,  i n  good a g re e m e n t  w i th  t h e  o b s e rv e d  v a l u e  
o f  5 .0  m ic r o s e c o n d s  f o r  t h e  r i s e  t im e ,  o f  t h e  o u t p u t
t ~ k ^
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p u l s e  on  t h e  o s c i l l o g r a p h .  The I l f o r d  ’’S p ec tru m  
B lu e ” f i l t e r  w as i n t e r p o s e d  b e tw e e n  t h e  m i r r o r  and  
c o l l i m a t o r  d u r i n g  a l l  t h e s e  e x p e r i m e n t s ,  and  t h e  
i n t e r - d y n o d e  p o t e n t i a l  w as f i x e d  a t  108  v o l t s .
M e a su re m e n ts  w ere  made on t h e  c o o l e d  p h o to ­
m u l t i p l i e r  a t  s e t t i n g s  o f  a m p l i f i e r  a t t e n u a t i o n  o f  
1 0 ,  2 0 ,  3 0 ,  an d  40  dB; a t  e a c h  v a l u e  o f  a t t e n u a t i o n  
a  f a m i l y  o f  c u r v e s  o f  c o u n t i n g  r a t e  a s  a  f u n c t i o n  o f  
p u l s e  d i s c r i m i n a t o r  s e t t i n g  was o b t a i n e d  by m ak ing  
o b s e r v a t i o n s  a t  d i f f e r e n t  l e v e l s  o f  l i g h t  s o u r c e  
i n t e n s i t y .  S u ch  f a m i l i e s  a r e  shown i n  f i g u r e s  30 -  3 3 ; 
a l l  c o u n t i n g  r a t e s  b e i n g  c o r r e c t e d  f o r  b a c k g ro u n d  
e f f e c t s  and  f o r  l o s s e s  due t o  t h e  r e s o l v i n g  t im e  o f  
t h e  r a t e m e t e r .  The i n c r e a s e  i n  t h e  s p r e a d  o f  t h e  
o u t p u t  p u l s e  a m p l i t u d e  d i s t r i b u t i o n  t h a t  a c c o m p a n ie s  
a  r e d u c t i o n  o f  t h e  mean p u l s e  a m p l i t u d e  i s  c l e a r l y  
shown i n  f i g u r e  3 4 ,  w here  t h e  d i f f e r e n t i a l  c u r v e s  f o r  
t h e  d i s t r i b u t i o n s  c e n t r e d  on 30 v o l t s  i n  f i g u r e s  30 -  
33 a r e  c o m p a re d .  S i m i l a r  s e t s  o f  o b s e r v a t i o n s  w ere  
made w i t h  t h e  u n c o o le d  p h o t o - m u l t i p l i e r  b u t  m e a s u re ­
m e n ts  c o u ld  n o t  i n  t h i s  c a s e  be made a t  lo w e r  
a t t e n u a t i o n s  t h a n  20 dB b e c a u s e  o f  t h e  h i g h  b a c k g ro u n d .
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( d )  D i s c u s s i o n  o f  R e s u l t s :
The mean a m p l i t u d e  o f  p u l s e  p r o d u c e d  a t  t h e  o u t p u t
o f  t h e  l i n e a r  a m p l i f i e r  when one  e l e c t r o n  i s  r e l e a s e d
a t  t h e  p h o t o - m u l t i p l i e r  c a th o d e  may be c a l c u l a t e d  f ro m
e q u a t i o n  2 . 2 3 .  T he r e l e v a n t  d a t a  a r e  a s  f o l l o w s : -
C u r r e n t  a m p l i f i c a t i o n  o f  p h o t o - m u l t i p l i e r
t y p e  I  P  21 a t  i n t e r - d y n o d e  p o t e n t i a l  o f
1 08  v o l t s  ( s t a t e d )  .........................  , 3»3 .1 0 ^
I n p u t  c a p a c i t y  o f  a m p l i f i e r  t y p e  1008
...............................  122 pF
( O u tp u t  c a p a c i t y  o f  p h o t  o - m u l t  i p l i e r
t y p e  I  P 21 ( s t a t e d )  6 pF
4 . 0  f e e t  " U n i r a d i o  32" c a b l e  a t
21 p F . / f o o t  84 pF
A m p l i f i e r  t y p e  1008  i n p u t  c a p a c i t y
( s t a t e d )  30 pF
S t r a y  c a p a c i t i e s  2 pF
122 P»
V o l t a g e  g a i n  o f  a m p l i f i e r  t y p e  1008  a t
3
1 0  dB a t t e n u a t i o n  ( m e a s u r e d ) ........................3 î 3 4 .  10
1 co u lo m b  = 6 * 2 8 .  10^® u n i t s  o f  e l e c t r o n i c  c h a r g e . 
S u b s t i t u t i n g  t h e s e  v a l u e s  i n  e q u a t i o n  2 . 2 3 ,  i t  i s  
fo u n d  t h a t : -
R .  3-3. 10*: 3 54. ,0* 4 . 1 .
L -lh . lo*  I 21. i o " “
» lis- iT" yells
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I n  v ie w  o f  t h e  u n c e r t a i n t y  i n  t h e  v a l u e  f o r  
t h e  a m p l i f i c a t i o n  o f  t h e  p h o t o - m u l t i p l i e r  t u b e ,  t h i s  
a g r e e s  w e l l  w i t h  t h e  p e a k s  o b s e r v e d  a t  a p p r o x i m a t e l y  
16  v o l t s  i n  f i g u r e  2 6 .  S i m i l a r  v a l u e s  c a n  be 
c a l c u l a t e d  f o r  t h e  a m p l i tu d e  o f  t h e  o u t p u t  p u l s e s  
c o r r e s p o n d i n g  t o  t h e  r e l e a s e  o f  s i n g l e  e l e c t r o n s  
a t  t h e  p h o t o - c a t h o d e  f o r  o t h e r  i n t e r - d y n o d e  p o t e n t i a l s ,  
and  i n  T a b le  X I t h e  o u t p u t  p u l s e  a m p l i t u d e  o b t a i n e d  i n  
t h i s  m anner i s  com pared  w i t h  t h e  o b s e r v e d  p o s i t i o n s  
o f  t h e  p e a k s  o f  t h e  v a r i o u s  d i s t r i b u t i o n s  o f  f i g u r e  
2 8 .  T h e re  i s  s e e n  t o  be r e a s o n a b l e  a g re e m e n t  
b e tw e e n  e x p e r im e n t  and t h e o r y .
T a b l e  X I
Mean P u l s e  A m p l i t u d e s  due  t o  S i n g l e  P h o t o - e l e c t r o n s .
I n t e r - d y n o d e
P o t e n t i a l
( v o l t s )
P h o t o - m u l t i p l i e r
Grain
O u tp u t  P u l s e  A m p li tu  
( v o l t s )  
C a l c u l a t e d  O b se rv
92 1 .1 5 5 .7 5 .5
96 1 . 5 7 . 4 7 . 5
100 2 . 0 9 . 9 9 . 5
104 2 . 6 1 2 . 9 13
108 3 .3 1 6 .5 17
112 4 . 2 2 0 .9 22
116 5 . 3 2 6 .4 28
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C o n s i d e r i n g  now t h e  fo rm  o f  t h e  d i s t r i b u t i o n  
c u r b e s  o f  f i g u r e  2 6 ,  i t  i s  i n s t r u c t i v e  t o  com pare 
t h e  o b s e r v e d  f r a c t i o n a l  v a r i a n c e s ,  e v a l u a t e d  from  
t h e  e x p r e s s i o n :
V „  r H £ .
Kl'*' N /  M
4 . 2
w i t h  t h e  t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  f rom  e q u a t i o n  2 . 4 2 .
I f  f i r s t  o n ly  t h o s e  e l e c t r o n s  a r e  c o n s i d e r e d  w h ic h ,  
r e l e a s e d  a t  t h e  p h o t o - c a t h o d e ,  r e a c h  t h e  f i r s t  d y n o d e ;  
o r  i n  o t h e r  w o r d s ,  i f  i s  e q u a t e d  t o  u n i t y  i n  t h e  
t h e o r e t i c a l  e x p r e s s i o n  f o r  t h e  v a r i a n c e ,  and  t h o s e  
p h o t o - e l e c t r o n s  w h ic h  f a i l  t o  r e c o r d  a r e  i g n o r e d  i n  
e v a l u a t i n g  t h e  o b s e r v e d  v a r i a n c e ,  t h e  v a l u e s  q u o te d  i n  
T a b l e  X I I  a r e  o b t a i n e d .  T h e r e  i s  s e e n  t o  be good 
a g re e m e n t  b e tw e e n  t h e  o b s e r v e d  and  c a l c u l a t e d  v a r i a n c e s  
i n  t h i s  t a b l e .  T h e se  r e s u l t s  a r e  i n  c o n t r a d i c t i o n  t o  
t h o s e  o f  M o rto n  an d  M i t c h e l l  ( 1 9 4 8 )  who a l s o  m e a s u re d  
t h e  d i s t r i b u t i o n  o f  o u t p u t  p u l s e s  due t o  s i n g l e  
e l e c t r o n s  i n  p h o t o - m u l t i p l i e r s  o f  t h i s  t y p e  b u t  fo u n d  
t h e  o b s e r v e d  v a r i a n c e  o f  t h e  d i s t r i b u t i o n  t o  be g r e a t e r  
t h a n  t h e  c a l c u l a t e d  v a l u e  by a  f a c t o r  o f  tw o .  T h i s  
d i s c r e p a n c y  i s  a p p a r e n t l y  d u e  t o  an  e r r o r  i n  t h e i r  c h o ic e  o f  
u n i t s  o f  p u l s e  h e i g h t  (M o r to n :  p r i v a t e  c o m m u n ic a t io n ) .
4b
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H ow ever, an  i n s p e c t i o n  o f  t h e  i n t e g r a l  c u r v e s  
o f  f i g u r e  28 show s t h a t  e s p e c i a l l y  a t  l o w e r  i n t e r -  
dynode  p o t e n t i a l s  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  
p h o t o - e l e c t r o n s  e m i t t e d  a t  t h e  p h o t o - c a t h o d e  may 
f a i l  t o  p r o d u c e  p u l s e s  a t  t h e  a m p l i f i e r  o u t p u t .
T h i s  e f f e c t  i s  m ore c l e a r l y  d e m o n s t r a t e d  i n  f i g u r e  3 5 .
The r a t i o s  o f  t h e  e x t r a p o l a t e d  v a l u e s  a t  z e ro  d i s c r i m ­
i n a t i o n  o f  t h e  d i s t r i b u t i o n s  o f  f i g u r e  28 t o  t h e  
maximum c o u n t i n g  r a t e  a t  an  i n t e r - d y n o d e  p o t e n t i a l  
o f  128  v o l t s  ( a s s u m in g  10 0 ^  c o l l e c t i o n  o f  p h o to ­
e l e c t r o n s  a t  t h e  l a t t e r  p o t e n t i a l )  g i v e  t h e  p r o b a b i l i t i e s  
(m ^) t h a t  an  e l e c t r o n  e m i t t e d  a t  t h e  p h o t o - c a t h o d e  
w i l l  p r o d u c e  an  a v a la n c h e  i n  t h e  p h o t o - m u l t i p l i e r .
I n  f i g u r e  85» t h e s e  r a t i o s  a r e  p l o t t e d  a s  a  f u n c t i o n  
o f  i n t e r - d y n o d e  p o t e n t i a l  ( c u r v e  A ) .  C u rv e s  B an d  C 
a r e  o b t a i n e d  f ro m  t h e  p u b l i s h e d  d a t a  o f  M orton  and 
M i t c h e l l  ( 1 9 4 8 )  f o r  s t i m u l a t i o n  o f  t h e  c e n t r a l  a r e a  
a n d  t h e  w h o le  o f  t h e  p h o t o - c a t h o d e  r e s p e c t i v e l y ,  and 
a r e  i n c l u d e d  f o r  c o m p a r i s o n .
I f  t h e  v a l u e  of(m ^) o b t a i n e d  f ro m  f i g u r e  35 i s  
i n c l u d e d  i n  t h e  t h e o r e t i c a l  e x p r e s s i o n  f o r  t h e  v a r i a n c e ,  
and a n  a p p r o p r i a t e  num ber o f  ( h y p o t h e t i c a l )  p u l s e s  o f  
z e ro  a m p l i t u d e  i n c l u d e d  i n  t h e  d i s t r i b u t i o n  when 
e v a l u a t i n g  t h e  o b s e r v e d  v a r i a n c e ,  t h e  v a l u e s  o f  T a b le
X I I I  a r e  o b t a i n e d .  H ere  a g a i n ,  good a g re e m e n t  b e tw e e n  
t h e o r y  and  e x p e r i m e n t  i s  f o u n d .
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C o n s i d e r i n g  now t h e  p e r f o r m a n c e  u n d e r  s t i m u l a t i o n  
by  p u l s e d  l i g h t , t h e  v a r i a n c e  o f  t h e  d i s t r i b u t i o n s  o f  
f i g u r e  34 may be com pared  w i t h  t h o s e  c a l c u l a t e d  f ro m  
e x p r e s s i o n  2 . 3 9 .  I n  o r d e r  t o  c a l c u l a t e  t h e  t h e o r e t ­
i c a l  v a r i a n c e s  f ro m  t h e  l a t t e r  e x p r e s s i o n ,  t h e  v a l u e  
o f  t h e  q u a n t i t y  ( ^  ) m ust be known i n
e a c h  c a s e ;  a s  p o i n t e d  o u t  on  p a g e  t h i s  i s  
e q u i v a l e n t  t o  t h e  mean num ber o f  p h o t o - e l e c t r o n s  
r e a c h i n g  t h e  f i r s t  d y n e de d u r i n g  an y  one p u l s e . I f  
t h e  d u r a t i o n  o f  t h e  p u l s e  w ere  s h o r t  com pared  w i t h  t h e  
t i m e  c o n s t a n t  o f  t h e  a m p l i f i e r  RC i n  e q u a t i o n
2 . 2 2 ) ,  ( «n, ) w ou ld  b e  q u i t e  s im p ly  t h e
r a t i o  o f  t h e  o b s e r v e d  mean p u l s e  a m p l i t u d e  t o  t h e  mean 
p u l s e  a m p l i t u d e  f o r  p u l s e s  due t o  s i n g l e  e l e c t r o n s ,  
g i v e n  i n  T a b le  X I ,  due a l lo w a n c e  b e i n g  made f o r  c h a n g e s  
i n  a m p l i f i e r  ÿ a i n .
B u t s i n c e  t h e  i n p u t  t im e  c o n s t a n t  o f  t h e  l i n e a r  
a m p l i f i e r  i n  t h e  a r r a n g e m e n t  u s e d  w as 5 .5  m ic r o s e c o n d s  
(C = 122  p P . , R = 4 5 , 4 0 0 -fh . ) ,  and  t h e  m e a su re d  
d u r a t i o n  o f  t h e  l i g h t  p u l s e  5 .0  m i c r o s e c o n d s ,  t h e  
c o n d i t i o n  ■ T RO i s  s a t i s f i e d  f o r  s i n g l e  e l e c t r o n  
p u l s e s  b u t  n o t  f o r  t h e  l i g h t  p u l s e s .  F o r  t h e  l a t t e r .
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i t  i s  c l e a r  f ro m  e q u a t i o n s  2 .2 2  and  2 .2 3  t h a t  t h e  
a m p l i t u d e  o f  t h e  o u t p u t  p u l s e s  w i l l  be r e d u c e d  i n  t h e  
t a t i o  %  w h e r e : -
' o
A t
f t .  -  - r  '  /  4 . 3
S u b s t i t u t i n g  t h e  a p p r o p r i a t e  v a l u e s  i n  t h e  ab o v e
e x p r e s s i o n ,  i t  i s  f o u n d  t h a t  ^
, ,  fe ~"= —------------------1--------------
A t  if Sl+b. lo  . ( -2 2  . IO / if SUS. IC>‘. 1-22 . lo
Ac S . < o ' t  ( *
4 . 4
r O • L '~ f
A p p ly in g  a  c o r r e c t i o n  b a s e d  on  t h e  ab o v e  f i g u r e  
t o  t h e  o b s e r v e d  d a t a ,  t h e  v a l u e s  q u o te d  i n  T a b le  XIV 
a r e  fo u n d  f o r  t h e  mean n u m b e rs  o f  p h o t o - e l e c t r o n s  
a r r i v i n g  a t  t h e  f i r s t  d y n o d e  an d  l e a v i n g  t h e  p h o to ­
c a th o d e  p e r  p u l s e  f o r  t h e  d i s t r i b u t i o n s  o f  f i g u r e  3 4 .
C a re  m ust be  t a k e n  i n  c a l c u l s U n g  t h e  l a t t e r  f i g u r e s  
t o  u s e  t h e  a p p r o p r i a t e  v a l u e  f o r  i n  e x p e r im e n t s
w here  t h e  P e r s p e x  r o d  a s s e m b ly  was u s e d ,  t h e  v a l u e  o f  
0 .9 5  d e r i v e d  f ro m  c u r v e  A o f  f i g u r e  35 a p p l i e s .  But 
i n  e x p e r i m e n t s  i n  w h ic h  t h e  c o l l i m a t o r  w as sc re w e d  
d i r e c t l y  i n t o  t h e  p h o t o - m u l t i p l i e r  c a s e , and  t h e  w ho le  
o f  t h e  p h o t o - c a t h o d e  w as s t i m u l a t e d ,  a  v a l u e  o f  0 .6 6  
d e r i v e d  f ro m  t h e  e x p e r i m e n t a l  d a t a  o f  M o rto n  and
M i t c h e l l  ( 1 9 4 8 )  ( c u r v e  C o f  f i g u r e  3 5 )  h a s  b een  a d o p t e d .
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I n  T a b le  XV, t h e  v a l u e s  o f  t h e  f r a c t i o n a l  v a r i a n c e s  
e v a l u a t e d  f ro m  t h e  d i s t r i b u t i o n s  o f  f i g u r e  34 a r e  
co m p ared  w i t h  t h o s e  c a l c u l a t e d  f ro m  e x p r e s s i o n  2 , 3 9 ,  
u s i n g  t h e  v a l u e s  o f  ( ) g i v e n  i n  T a b le
X IV.
g a b l e  XV
F r a c t i o n a l  V a r i a n c e s  o f  O u tp u t  P u l s e  A m p li tu d e  D i s ­
t r i b u t i o n s  due  t o  P u l s e d  L i g h t .
A m p l i f i e r  Mean A m p l i tu d e  
A t t e n u a t i o n  o f  O u tp u t  P u l s e  
(dB ) . , ,
( n o m in a l )  ( voibs )
F r a c t i o n a l  V a r i a n c e  
C a l c u l a t e d  O b s e rv e d
( I ) No P e r s p e x  P e r s p e x
Rod Rod 
Assem­
b l y
10 30 0 .5 0 8 0 . 2 9
20 30 0 .1 6 1 0 .1 1
30 30 0 .0 5 0 8 0 .0 3 6 0 .0 3 7
40 30 0 .0 1 6 1 0 .0 1 3 0 .0 1 4
I t  w i l l  be n o t e d  t h a t  w h i l s t  t h e r e  i s  r e a s o n a b l e  
a g re e m e n t  b e tw e e n  o b s e r v a t i o n  a n d  t h e o r y  f o r  t h e  
m e a s u re m e n ts  made a t  a n  a m p l i f i e r  a t t e n u a t i o n  o f  40  dB , 
t h e  r a t i o  o f  o b s e r v e d  t o  t h e  c a l c u l a t e d  v a l u e  f a l l s  
s i g n i f i c a n t l y  f o r  p u l s e s  o f  lo w e r  a m p l i t u d e .  T h i s  
a p p a r e n t  an o m aly  may be e x p l a i n e d  by t h e  a s s u m p t io n  
made on p a g e  44 t h a t  c h a r g e  a r r i v e s  u n i f o r m l y  a t  t h e
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p h o t o - m u l t i p l i e r  c o l l e c t o r  d u r i n g  e a c h  p u l s e ,  
w h e r e a s  i t  i n  f a c t  a r r i v e s  i n  a  s e r i e s  o f  d i s c r e t e  
p a c k e t s  e a c h  i n i t i a t e d  by t h e  a r r i v a l  o f  a  s i n g l e  
e l e c t r o n  a t  t h e  f i r s t  d y n o d e .  The e r r o r  i n v o l v e d  
i n  t h i s  a s s u m p t io n  w i l l  be s m a l l  when )
e x c e e d s  10 ,  b u t  t h e  a s s u m p t io n  i s  no l o n g e r  v a l i d
when t h e  n um ber o f  p h o t o - e l e c t r o n s  p e r  p u l s e  i s  
s m a l l .  I n  t h e  l a t t e r  c a s e ,  n o t  o n l y  w i l l  a  s m a l l  
s t a t i s t i c a l  s p r e a d  be i n t r o d u c e d  i n  t h e  h e i g h t  o f  
t h e  p u l s e s  a t  t h e  a m p l i f i e r  o u t p u t ,  due  t o  random  
v a r i a t i o n s  i n  t h e  t im e  o f  a r r i v a l  o f  t h e  e l e c t r o n  
a v a l a n c h e s  w i t h i n  t h e  d u r a t i o n  o f  e a c h  p u l s e ,  b u t  
a l s o  t h e  r a t i o  w i l l  no l o n g e r  be c o n s t a n t  f o r
p u l s e s  o f  d i f f e r e n t  a m p l i t u d e .  T he v a r i a t i o n  o f  
t h i s  r a t i o  w i l l  be s u c h  a s  t o  i n c r e a s e  t h e  mean 
h e i g h t  o f  a l l  p u l s e s  o f  s m a l l e r  a m p l i t u d e  t h a n  t h e  
m e an , and  t o  r e d u c e  t h e  h e i g h t  o f  a l l  t h o s e  g r e a t e r  
t h a n  t h e  m ean , t h a t  i s ,  t o  r e d u c e  t h e  v a r i a n c e  o f  
t h e  d i s t r i b u t i o n .  W hile  i t  i s  d i f f i c u l t  t o  make 
a  q u a n t i t a t i v e  c o r r e c t i o n  f o r  t h e s e  e f f e c t s ,  t h e  
o b s e r v e d  d i s c r e p a n c i e s  do n o t  a p p e a r  t o  i n v a l i d a t e  
t h e  s im p le  t h e o r e t i c a l  t r e a t m e n t .  I t  s h o u ld  be 
n o t e d  t h a t  w here  t h e  d u r a t i o n  o f  a  p u l s e  i s  s m a l l
2I
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com pared  w i t h  t h e  t im e  c o n s t a n t  o f  t h e  a m p l i f i e r ,  
a s  w i l l  be t h e  c a s e  w i t h  t h e  m a j o r i t y  o f  p r a c t i c a l  
s c i n t i l l a t i o n  c o u n t e r s ,  w i l l  a p p r o a c h  u n i t y
f o r  a l l  p u l s e s .  The s im p le  t h e o r y  o f  e q u a t i o n  
2 . 2 3 .  w i l l  t h e n  a p p l y .
2 .  PRSLIMIHARY EXPERIMEHTS WITH CRYSTALLINE lUMINOPHORS
I n i t i a l  e x p e r i m e n t s  w i t h  c r y s t a l l i n e  lu m in o p h o rs  
w ere  p e r f o rm e d  u s i n g  t h e  p h o t o - m u l t i p l i e r  c o o l e d  w i t h  
l i q u i d  n i t r o g e n ,  i n  c o n j u n c t i o n  w i t h  t h e  P e r s p e x  ro d  
and  c a m e ra  s h u t t e r  a s s e m b ly  shown i n  f i g u r e  13 ( i n s e t  
A ) .  S m a ll  m o u n ted  c r y s t a l s  o f  c a lc iu m  t u n g s t a t e  
w ere  p l a c e d  i n  t h e  c r y s t a l  h o l d e r  and  i r r a d i a t e d  by 
t h e  g a m m a - r a d ia t io n  f ro m  a  c o b a l tg Q  s o u r c e .  A 
f i M e r  c o n s i s t i n g  o f  a  2 cm. x  2 cm. s q u a r e  o f  c o p p e r  
f o i l  0 .0 5 5  cm. t h i c k  was i n t e r p o s e d  b e tw e e n  s o u r c e  
and  c r y s t a l  t o  p r e v e n t  any  b e t a - r a d i a t i o n  f rom  
f a l l i n g  on t h e  l a t t e r .  C o u n t in g  r a t e s  w ere  m e a su re d  
w i t h  t h e  s c a l e r ,  c o u n t s  b e i n g  t a k e n  o v e r  1 0 0 - s e c o n d  
p e r i o d s .
I n  f i g u r e  <36, t y p i c a l  i n t e g r a l  c u r v e s  o f  
c o u n t i n g  r a t e  a s  a  f u n c t i o n  o f  p u l s e  d i s c r i m i n a t o r  
s e t t i n g  a r e  s e e n .  F o r  t h i s  s e r i e s  o f  m e a su re m e n ts .
■'.ir.’üii.
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t h e  a m p l i f i e r  a t t e n u a t i o n  was 8 dB ( n o m in a l )  and 
t h e  i n t e r - d y n o d e  p o t e n t i a l  108 v o l t s .  The c r y s t a l  
w as o f  c a l c i u m  t u n g s t a t e  o f  m ass 0 .1 2 4  g m s . , and 
t h e  gam m a-ray  s o u r c e  was a  1 . 5  m i l l i c u r i e  c o b a l tg Q  
d i s c  a t  a p p r o x i m a t e l y  30 cm s. f ro m  t h e  c r y s t a l .
C urve  A show s t h e  t o t a l  c o u n t i n g  r a t e  o b s e r v e d  w i t h  
t h e  s h u t t e r  o p e n ,  w h i l s t  c u r v e  B show s t h e  b a c k g ro u n d  
d u e  t o  t h e  d i r e c t  e f f e c t  o f  g a m m a - r a d i a t i o n  on t h e  
l i g h t  g u i d e  and  t h e  p h o t o - m u l t i p l i e r .  The l a t t e r  
e f f e c t  i s  s e e n  t o  be c o n s i d e r a b l e  a t  low  p u l s e  
d i s c r i m i n a t i o n .  C u rv e  C g i v e s  t h e  t r u e  c o u n t i n g  
r a t e  due t o  s c i n t i l l a t i o n s  i n  t h e  c r y s t a l ,  o b t a i n e d  
by  d i f f e r e n c e .  A l l  c o u n t i n g  r a t e s  a r e  c o r r e c t e d  
f o r  t h e  b a c k g ro u n d  w i t h  t h e  s o u r c e  a b s e n t , and  f o r  
l o s s e s  d u e  t o  t h e  m e a su re d  r e s o l v i n g  t i m e  o f  t h e  
s c a l e r  ( 1 0 0  m ic r o s e c o n d s  n o m i n a l ) .
F a m i l i e s  o f  c u r v e s  o f  t r u e  c o u n t i n g  r a t e  a g a i n s t  
p u l s e  d i s c r i m i n a t o r  s e t t i n g ,  o b t a i n e d  i n  t h e  ab o v e  
m anner f o r  v a r i o u s  l e v e l s  o f  a m p l i f i e r  a t t e n u a t i o n ,  
c a n  be p l o t t e d .  S uch  a  f a m i l y  i s  p r e s e n t e d  i n  
f i g u r e  37 ; t h e  e x p e r i m e n t a l  c o n d i t i o n s  f o r  t h e s e  
o b s e r v a t i o n s  w ere  i d e n t i c a l  w i t h  t h o s e  f o r  f i g u r e  36
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sa v e  t h a t  t h e  a m p l i f i e r  a t t e n u a t i o n  was v a r i e d .
The t r u e  c o u n t i n g  r a t e  i s  s e e n  t o  t e n d  to w a r d s  a  
maximum l i m i t i n g  v a l u e  a t  z e ro  p u l s e  d i s c r i m i n a t i o n  
and h i g h  g a i n ;  t h i s  maximum c o u n t i n g  r a t e  r e p r e s e n t s  
t h e  c o n d i t i o n  when e v e r y  s c i n t i l l a t i o n  i n  t h e  c r y s t a l  
w h ic h  r e l e a s e s  one o r  m ore p h o t o - e l e c t r o n s  a t  t h e  
c a th o d e  o f  t h e  p h o t o - m u l t i p l i e r  i s  b e i n g  c o u n t e d .
Once t h i s  s t a t e  h a s  b e e n  r e a l i s e d ,  a  f u r t h e r  i n c r e a s e  
i n  o v e r a l l  g a i n  c a n n o t  r e s u l t  i n  an i n c r e a s e  i n  
c o u n t i n g  r a t e ,  s i n c e  a  s c i n t i l l a t i o n  w h ich  f o r  s t a t ­
i s t i c a l  r e a s o n s  f a i l s  t o  r e l e a s e  a  p h o t o - e l e c t r o n  a t  
t h e  c a th o d e  c a n  n e v e r  be c o u n t e d .  The s c i n t i l l a t i o n  
c o u n t e r  i s  t h e n  w o rk in g  u n d e r  c o n d i t i o n s  c o m p a ra b le  
t o  t h o s e  o f  a  G e ig e r - M f l l l e r  c o u n t e r  o p e r a t i n g  on i t s  
p l a t e a u ;  a  c o m p a r a t i v e l y  l a r g e  c h a n g e  i n  i n t e r -  
dynode p o t e n t i a l  r e s u l t s  i n  a  s l i g h t  ch an g e  i n  
c o u n t i n g  r a t e .  T h i s  i s  d e m o n s t r a t e d  by f i g u r e  3 8 ,  
w h ic h  shows t h e  e f f e c t  o f  v a r y i n g  t h e  i n t e r - d y n o d e  
p o t e n t i a l  on t h e  maximum t r u e  c o u n t i n g  r a t e  ( a m p l i f i e r  
a t t e n u a t i o n  0 dB , p u l s e  d i s c r i m i n a t i o n  5 v o l t s )  
o b s e r v e d  i n  t h e  e x p e r im e n t  o f  f i g u r e  3 7 .
F u r t h e r  s t u d i e s  s e r v e d  t o  e s t a b l i s h  t h e  v a l i d i t y
in
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o f  t h e  i n v e r s e  s q u a r e  la w  and  t h e  n o n - d i r e c t i o n a l  
c h a r a c t e r  o f  t h e  r e s p o n s e  o f  t h e  c r y s t a l  t o  gamma- 
r a d i a t  i o n .  F i g u r e  39 shows t h e  v a r i a t i o n  i n  
maximum t r u e  c o u n t i n g  r a t e ,  c o r r e c t e d  f o r  b a c k g ro u n d  
and  r e s o l v i n g  t i m e  e f f e c t s ,  a s  a  s o u r c e  o f  c o b a l tg Q  
i s  moved a l o n g  t h e  a x i s  o f  t h e  l i g h t  g u i d e .  F i g u r e  40 
show s t h e  v a r i a t i o n  i n  maximum t r u e  c o u n t i n g  r a t e  a s  
t h e  s o u r c e  i s  moved i n  a  c i r c l e  a t  a  f i x e d  d i s t a n c e  
f ro m  t h e  c r y s t a l .  No e v i d e n c e  o f  ab n o rm a l b e h a v i o u r  
was o b s e r v e d  i n  e i t h e r  c a s e .
3 .  MBASURSMSNTS OF ABSOLUTE COUNTING RATES IN 
CRYSTALLINE LUMINOPHORS:
( a )  M eth o d s  o f  M e a s u re m e n t :
F o l l o w i n g  t h e  p r e l i m i n a r y  e x p e r i m e n t s  d e s c r i b e d  
i n  t h e  p r e v i o u s  s u b - s e c t i o n ,  m e a s u re m e n ts  w ere  made 
o f  t h e  maximum t r u e  c o u n t i n g  r a t e s  o b t a i n e d  i n  
c r y s t a l l i n e  lu m in o p h o r s  o f  m e a s u re d  d im e n s i o n s .  T h e se
lu m in o p h o r s  w ere  i r r a d i a t e d  by a  known f l u x  o f  gamma- 
r a d i a t  i o n  f ro m  e a c h  o f  t h e  f i v e  r a d i o i s o t o p e s :  so d iu m 2 4 , 
C o b a l tg Q ,  b ro m in e 0 2 f i o d i n e ^ ^ ^  and  g o ld ^ g g .  The
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c o u n t i n g  r a t e s  a p p r o p r i a t e  t o  1 m i l l i c u r i e  o f  e a c h  
r a d i o i s o t o p e  a t  1 m e t r e  d i s t a n c e  w ere  t h e n  com pared  
w i t h  t h e  c a l c u l a t e d  r a t e s  p r o d u c t i o n  o f  s e c o n d a r y  
e l e c t r o n s  i n  t h e  c r y s t a l s ,  e v a l u a t e d  a s  d e s c r i b e d  
i n  s u b - s e c t  i o n  % .  2 ,
The c r y s t a l s  s t u d i e d  w ere  o f  c a l c iu m  t u n g s t a t e ,  
t h a l l i u m - a c t i v a t e d  p o t a s s i u m  and  sod ium  i o d i d e s  and 
p u r e  a n t h r a c e n e .  T hey  w ere  w e ig h e d ,  and  m oun ted  on 
b a l s a  wood s t r i p s  i n  t h e  m a n n er  d e s c r i b e d  on p a g e  
and  i n  f i g u r e  1 4 .  T h e i r  c r o s s - s e c t i o n a l  d im e n s io n s  
w ere  m e a su re d  w i t h  a  m ic r o m e te r  g a u g e , t h e  mean o f  
s e v e r a l  m e a s u re m e n ts  b e i n g  bHeo; t h e i r  t h i c k n e s s e s  
c o u ld  t h e n  be e s t i m a t e d  fro m  t h e  m e a s u re d  w e ig h t s  
and  c r o s s - s e c t i o n s ,  a s s u m in g  t h e  v a l u e s  f o r  t h e  
d e n s i t i e s  q u o te d  i n  T a b le  I I .
The p h o t o - m u l t i p l i e r  t u b e  was c o o l e d  w i t h  l i q u i d  
n i t r o g e n ,  and  was u s e d  i n  c o n j u n c t i o n  w i t h  t h e  P e r s p e x  
r o d  a n d  c a m e ra  s h u t t e r  a s s e m b ly  a l r e a d y  d e s c r i b e d .
The i n t e r - d y n o d e  p o t e n t i a l  was s t a n d a r d i s e d  a t  108 
v o l t s ,  t h e  a m p l i f i e r  was o p e r a t e d  a t  f u l l  g a i n ,  and  
t h e  s c a l e r  p u l s e  d i s c r i m i n a t i o n  c o n t r o l  was s e t  a t  
i t s  minimum v a l u e  o f  5 v o l t s ;  t h e s e  c o n d i t i o n s  
c o r r e s p o n d e d  t o  t h e  m easu rem en t o f  maximum c o u n t i n g
r a t e  o f  f i g u r e  3 7 .
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The s t r e n g t h s  o f  t h e  gam m a-ray  s o u r c e s  w ere  
m e a s u re d  a g a i n s t  a  r a d iu m  s t a n d a r d  on  t h e  5 mm. 
c a r b o n  i o n i s a t i o n  ch am b er  sy s te m  d e s c r i b e d  i n  su b ­
s e c t i o n  I I I , S ' . ,  and  w ere  o f  t h e  o r d e r  o f  1 m i l l i c u r i e .
The m ethod  o f  m e asu rem e n t o f  c o u n t i n g  r a t e  was 
a s  f o l l o w s : -  a  m o u n te d  c r y s t a l  was p l a c e d  i n  t h e  c r y s t a l  
h o l d e r  and  t h e  b a c k g ro u n d  c o u n t i n g  r a t e  m e a su re d  i n  t h e  
a b s e n c e  o f  a n y  s o u r c e , f i r s t  w i t h  t h e  s h u t t e r  o p e n ,  and  
t h e n  w i t h  t h e  s h u t t e r  c l o s e d .  A s o u r c e  was n e x t  
m o un ted  i n  t h e  s o u r c e  h o l d e r ,  a t  s u c h  a  d i s t a n c e  f rom  
t h e  lu m in o p h o r  t h a t  t h e  maximum t r u e  c o u n t i n g  r a t e  
was a p p r o x i m a t e l y  100  c o u n t s / s e c o n d , t h i s  d i s t a n c e  
b e i n g  m e a s u re d  on  t h e  s c a l e  o f  t h e  o p t i c a l  b e n c h .  A 
f i l t e r  was i n t e r p o s e d  b e tw e e n  t h e  s o u r c e  and  t h e  c r y s t a l  
t o  s c r e e n  t h e  l a t t e r  f ro m  b e t a - r a d i a t i o n . I n  t h e  c a s e  
o f  a l l  t h e  r a d i o i s o t o p e s  s t u d i e d ,  s a v e  so d iu m g ^ , t h i s  
f i l t e r  was a  2 cm. x  2 cm. s q u a r e  o f  c o p p e r  f o i l ,  0 .0 5 5  
cm. t h i c k ;  w i t h  so d iu m ^ ^  s o u r c e s ,  w h ic h  e m it  e n e r g e t i c  
b e t a - p a r t i c l e s  o f  maximum e n e r g y  1 . 5 8  M eV., t h i s  
t h i c k n e s s  was d o u b le d  t o  0 .1 1 0  cm . T he s o u r c e  and  
f i l t e r  b e i n g  i n  p o s i t i o n ,  c o u n t i n g  r a t e s  w ere  a g a i n  
m e a su re d  w i t h  t h e  s h u t t e r  o p en  and  c l o s e d .  T h is  
p r o c e d u r e  w as  r e p e a t e d  w i t h  e a c h  o f  t h e  f i v e  r a d i o i s o t o p e s  
s t u d i e d .
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A l l  c o u n t i n g  r a t e s  w ere  m e a su re d  o v e r  1 0 0 -  
s e c o n d  p e r i o d s ,  d u p l i c a t e  m e a s u re m e n ts  b e i n g  made 
i n  e v e r y  c a s e .  The p h o t o - m u l t i p l i e r  b a c k g ro u n d  
i n  t h e  a b s e n c e  o f  a  s o u r c e  was o f  t h e  o r d e r  o f  
1 c o u n t / s e c o n d ;  t h e  b a c k g ro u n d  due t o  t h e  c r y s t a l  
d e p e n d e d  on i t s  s i z e  and  n a t u r e ,  b u t  was u s u a l l y  
a l s o  o f  t h i s  o r d e r .  A p p r o p r i a t e  c o r r e c t i o n s  w ere  
made f o r  t h e s e  b a c k g ro u n d  e f f e c t s ,  and f o r  t h e  
r e s o l v i n g  t i m e  o f  t h e  s c a l e r .  From t h e  known 
s t r e n g t h  o f  e a c h  s o u r c e , c o r r e c t e d  f o r  r a d i o a c t i v e  
d e c a y ,  and  i t s  d i s t a n c e  f ro m  t h e  m i d - p o i n t  o f  t h e  
c r y s t a l ,  t h e  maximum t r u e  c o u n t i n g  r a t e  a p p r o p r i a t e  
t o  1 m i l l i c u r i e  o f  t h e  r a d i o i s o t o p e  a t  1 m e t r e  
d i s t a n c e  c o u ld  t h e n  be  d e d u c e d .
The c o r r e s p o n d i n g  r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y  
e l e c t r o n s  i n  t h e  c r y s t a l  was c a l c u l a t e d  f ro m  i t s  
known d i m e n s io n s  a s  d e s c r i b e d  i n  s u b - s e c t i o n  I I . 2 . ,  
a s s u m in g  t h e  d e c a y  sch em es  o f  f i g u r e s  1 8 - 2 2 .  I n  
t h e s e  c a l c u l a t i o n s ,  i t  w as n e c e s s a r y  t o  t r e a t  e a c h  
gam m a-ray  i n  t h e  s p e c t r u m  o f  e a c h  r a d i o i s o t o p e  
s e p a r a t e l y ;  t h e  m ethod  o f  s e t t i n g  o u t  t h e  somewhat 
l a b o r i o u s  c a l c u l a t i o n  o f  t h e s e  r a t e s  f o r  a  s i n g l e  
c r y s t a l  o f  c a l c i u m  t u n g s t a t e  i s  shown i n  % p e n d i x  IV .
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C o r r e c t i o n s  w ere  i n c l u d e d  i n  t h e s e  c a l c u l a t i o n s  f o r  
i n t e r n a l  c o n v e r s i o n  o f  t h e  e m i t t e d  g a m m a - r a d i a t i o n , 
s e l f - a b s o r p t i o n  i n  t h e  s o u r c e , and a b s o r p t i o n  i n  t h e  
b e t a - r a y  f i l t e r .
T he  r a t i o  o f  t h e  o b s e r v e d  maximum t r u e  c o u n t i n g  
r a t e  t o  t h e  c a l c u l a t e d  r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y  
e l e c t r o n s  c o u l d  t h u s  be s t u d i e d .  I f  e a c h  s e c o n d a r y  
e l e c t r o n  p r o d u c e d  a  s i n g l e  s c i n t i l l a t i o n ,  and  i f  e v e r y  
s c i n t i l l a t i o n  r e c o r d e d  a  s i n g l e  c o u n t  i n  t h e  s c a l e r ,  
t h e n  t h i s  r a t i o ,  h e n c e f o r t h  r e f e r r e d  t o  a s  , w ould o f  
c o u r s e  be e q u a l  t o  u n i t y .
( b )  E f f e c t  o f  S c a l e r  R e s o l v i n g  Time on C o u n t in g  R a t e ;
I t  was so o n  r e a l i s e d ,  h o w e v e r ,  t h a t  c h a n g e s  i n  
t h e  r e s o l v i n g  t im e  o f  t h e  s c a l e r  may p r o f o u n d l y  m o d ify  
t h e  o b s e r v e d  c o u n t i n g  r a t e s ,  e v e n  t h o u g h  t h e s e  a r e  
c o r r e c t e d  f o r  random  c o u n t i n g  l o s s e s  i n  t h e  m anner 
d e s c r i b e d  on  p a g e  71 . T h i s  may be  a n t i c i p a t e d  f ro m
t h e  t h e o r e t i c a l  d i s c u s s i o n  o f  p ag e  3 ^  . Where t h e
d e c a y  t i m e  o f  t h e  lu m in o p h o r  i s  s h o r t  com pared  w i t h  
t h e  s h o r t e s t  r e s o l v i n g  t im e  u s e d ,  no  m ore t h a n  one 
c o u n t  p e r  s e c o n d a r y  e l e c t r o n  can  be r e c o r d e d .  On 
t h e  o t h e r  h a n d ,  i n  lu m in o p h o r s  w i t h  a  p h o s p h o r e s c e n t  
d e c a y  o f  l o n g  p e r i o d  a  s i n g l e  s e c o n d a r y  e l e c t r o n  may
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c a u s e  t h e  e m i s s i o n  o f  p h o to n s  o v e r  a  p e r i o d  many 
t i m e s  g r e a t e r  t h a n  t h e  r e s o l v i n g  t i m e  o f  t h e  s y s t e m ,  
and  may t h e n  be c o u n te d  many t i m e s  o v e r .
The fo rm  o f  t h e  c u r v e  o f  S. a g a i n s t  s c a l e r  
r e s o l v i n g  t i m e  may be e x p e c t e d  t o  a p p r o x im a te  t o  
t h e  d e c a y  c u r v e  o f  t h e  l u m in o p h o r ,  t h e  o b s e rv e d  
c o u n t i n g  r a t e s  t e n d i n g  to w a r d s  a  c o n s t a n t  v a l u e  a t  
r e s o l v i n g  t i m e s  l o n g  co m p ared  w i t h  t h e  lu m in o p h o r  
d e c a y  t i m e .  T h e s e  e f f e c t s  w ere  s t u d i e d  i n  s m a l l  
c r y s t a l s  o f  e a c h  o f  t h e  m a t e r i a l s  l i s t e d  a b o v e ,  
i r r a d i a t e d  by t h e  g a m m a - r a d ia t io n  f ro m  a  c o b a l tg Q  
s o u r c e ;  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  shown i n  
f i g u r e s  41 -  4 5 .
F i g u r e  41 show s t h e  v a r i a t i o n  i n  c o u n t i n g  r a t e  
w i t h  s c a l e r  r e s o l v i n g  t im e  f o r  a  c r y s t a l  o f  c a lc iu m  
t u n g s t a t e  o f  m ass  0 .3 5 5  g m s. The r a t i o  & , o f  
o b s e r v e d  c o u n t i n g  r a t e  t o  r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y  
e l e c t r o n s  i s  s e e n  t o  be s l i g h t l y  g r e a t e r  t h a n  u n i t y ,  
a t  v e r y  low  r e s o l v i n g  t i m e s ,  b u t  h a s  f a l l e n  t o  a  
c o n s t a n t  v a l u e  a t  a  r e s o l v i n g  t im e  o f  300 m ic r o s e c o n d s .  
T h e se  e f f e c t s  w ould  be e x p l a i n e d  i f  c a lc iu m  t u n g s t a t e  
showed a  p h o s p h o r e s c e n t  d e c a y  o f  a b o u t  SO m ic r o s e c o n d s  
d u r a t i o n ;  s u c h  a  d e c a y  h a s  a l r e a d y  b ee n  r e p o r t e d  by
SateJ l i c
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G -a r l ic k  ( 1 9 4 9 ) ,  who o b s e r v e d  i t  t o  be  e x p o n e n t i a l  
i n  f o r m .
I n  t h e  c a s e  o f  t h a l l i u m - a c t i v a t e d  p o t a s s i u m -  
i o d i d e ,  ( f i g u r e  4 2 )  t h e  e x p e r i m e n t a l  r e s u l t s  show 
a  v e r y  d i f f e r e n t  p i c t u r e .  C o u n t in g  r a t e s  a r e  
many t i m e s  g r e a t e r  t h a n  t h e  c a l c u l a t e d  r a t e  o f  
s e c o n d a r y  e l e c t r o n  p r o d u c t i o n  and  t h e  r a t i o  h a s  
n o t  r e a c h e d  a  c o n s t a n t  v a l u e  e v e n  a t  r e s o l v i n g  
t i m e s  o f  10  m i l l i s e c o n d s .  T h e se  r e s u l t s  i n d i c a t e  
an  i n t e n s e  p h o s p h o r e s c e n c e  w i t h  a  n o n - e x p o n e n t i a l  
d e c a y  l a s t i n g  many m i l l i s e c o n d s .  A n o m alo u s ly  
h i g h  s c i n t i l l a t i o n  c o u n t i n g  r a t e s  i n  t h i s  m a t e r i a l  
h a v e  a l s o  b e e n  r e p o r t e d  by S m a l l e r ,  May and  F reedm an  
( 1 9 5 0 ) .
C r y s t a l s  o f  t h a l l i u m - a c t i v a t e d  p o t a s s i u m - i o d i d e  
e x p o s e d  t o  d a y l i g h t  o r  t o  i n t e n s e  f l u x e s  o f  gamma- 
r a d i a t i o n  show ed a  t e m p o r a r y  i n c r e a s e  i n  b ac k g ro u n d  
ow ing  t o  t h e  l o n g  "’t a i l " ’ o f  t h i s  n o n - e x p o n e n t i a l  
d e c a y ,  b u t  r e c o v e r e d  w i t h i n  a  few  m i n u t e s .  No 
s i g n i f i c a n t  c h a n g e  i n  b a c k g ro u n d  c o u n t i n g  r a t e s  
w ere  o b s e r v e d ,  h o w e v e r ,  a t  t h e  low  l e v e l s  o f  r a d i a t i o n  
f l u x  u s e d  i n  t h e s e  e x p e r i m e n t a l  s t u d i e s .
I n  t h a l l i u m - a c t i v a t e d  s o d i u m - i o d i d e , ( f i g u r e  4 3 )  
t h e  p h o s p h o r e s c e n t  d e c a y  p r o v e d  t o  be o f  ev e n  l o n g e r
d u r a t i o n .  M e a su re m e n ts  w i t h  t h i s  lu m in o p h o r  w ere
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d i f f i c u l t  t o  m a k e , f i r s t l y  b e c a u s e  o f  i t s  i n s t a b i l i t y  
u n d e r  n o rm a l  a t m o s p h e r i c  c o n d i t i o n s  r e f e r r e d  t o  i n  
s u b - s e c t i o n  }iL. U  , and  s e c o n d ly  b e c a u s e  o f  t h i s  
p h o s p h o r e s c e n t  d e c a y .  B e c a u se  o f  t h e  l a t t e r  e f f e c t ,  
when a  c r y s t a l  o f  s o d iu m - io d i d e  was e x p o s e d  t o  a  
c o n s t a n t  f l u x  o f  g a m m a - r a d i a t i o n ,  t h e  c o u n t i n g  r a t e  a t  
f i r s t  r o s e  s l o w l y ,  and  c o n t i n u e d  t o  r i s e  a s  t h e  
p h o s p h o r e s c e n c e  b u i l t  u p ,  o n ly  r e a c h i n g  a  s t e a d y  
s t a t e  some t h i r t y  m in u te s  a f t e r  t h e  i n i t i a l  e x p o s u r e .  
I f  t h e  s o u r c e  o f  r a d i a t i o n  w ere  t h e n  re m o v e d ,  t h e  
e n s u i n g  d e c a y  c o u ld  r e a d i l y  be f o l l o w e d  on t h e  r a t e -  
m e t e r .  &s w i l l  be s e e n  fro m  an  i n s p e c t i o n  o f  
f i g u r e  4 4 ,  i t  i s  n o n - e x p o n e n t  i a l  i n  f o r m .  S i m i l a r  
e f f e c t s  f o l l o w e d  e x p o s u r e  t o  v i s i b l e  l i g h t .
B e c a u se  o f  t h e s e  e f f e c t s ,  i t  was n e c e s s a r y  t o  
e x p o s e  c r y s t a l s  o f  s o d iu m - io d i d e  t o  e a c h  s o u r c e  f o r  a t  
l e a s t  t h i r t y  m i n u t e s  b e f o r e  m e a s u r in g  t h e  c o u n t i n g  
r a t e , a n d  t o  a l l o w  a  l i k e  p e r i o d  o f  r e c o v e r y  b e f o r e  
a t t e m p t i n g  a n o t h e r  m e a su re m e n t w i t h  t h e  same c r y s t a l .  
O nly  i f  t h e s e  p r e c a u t i o n s  w ere  o b s e r v e d  c o u ld  
r e p r o d u c i b l e  r e s u l t s  be o b t a i n e d .
I n  f i g u r e  45 t h e  r e l a t i o n s h i p  b e tw e e n  o b s e rv e d  
c o u n t i n g  r a t e  and  r e s o l v i n g  t im e  i n  a  c r y s t a l  o f  p u r e
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a n t h r a c e n e  i s  sh o w n . The c o u n t i n g  r a t e  was i n  
t h i s  c a s e  found, t o  be in d e p e n d e n t  o f  r e s o l v i n g  
t i m e  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r  o v e r  
t h e  r a n g e  s t u d i e d ,  i n d i c a t i n g  a  d e c a y  t im e  o f  l e s s  
t h a n  1 m ic r o s e c o n d  i n  t h e  lu m in o p h o r .  T h i s  
r e s u l t  i s  i n  k e e p i n g  w i t h  t h e  known e x t r e m e l y  
s h o r t  d e c a y  t i m e  o f  o r g a n i c  c r y s t a l l i n e  lu m i n o p h o r s .
The e r r o r s  i n d i c a t e d  i n  f i g u r e s  4 1 - 4 5  
r e p r e s e n t  t h e  s t a n d a r d  e r r o r s  d u e  t o  c o u n t i n g  
s t a t i s t i c s  o n l y .  E r r o r s  i n  t h e  m easu rem e n t o f  
s o u r c e  s t r e n g t h  and  s o u r c e - c o u n t e r  d i s t a n c e ,  and  
e r r o r s  i n  t h e  d e c a y  schem es a n d  i n  t h e  v a l u e s  o f  
l i n e a r  a b s o r p t i o n  c o e f f i c i e n t s  and  c r y s t a l  d im e n s io n s  
u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e  r a t e s  o f  s e c o n d a r y  
e l e c t r o n  p r o d u c t i o n  a l s o  a f f e c t  t h e  e x p e r i m e n t a l  
v a l u e s  o f  £• . H ow ever, t h e s e  a r e  s y s t e m ic  e r r o r s ,  
w h ic h  a r e  c o n s t a n t  f o r  e a c h  s e r i e s  o f  m e a s u re m e n ts .
A p r e c i s e  t r e a t m e n t  o f  t h e s e  s y s t e m ic  e r r o r s  
i s  d i f f i c u l t .  S in c e  t h e y  may a f f e c t  b o th  t h e  
o b s e r v e d  c o u n t i n g  r a t e  an d  t h e  c a l c u l a t e d  r a t e  o f  
s e c o n d a r y  e l e c t r o n  p r o d u c t i o n  i n  t h e  same s e n s e ,  
t h e i r  n e t t  e f f e c t  on £  may be s m a l l . F o r  e x a m p le , 
a n  e r r o r  i n  t h e  a ssu m ed  d e c a y  schem e f o r  a  r a d i o ­
i s o t o p e  may l e a d  t o  a  p o s i t i v e  e r r o r  i n  t h e  c a l c u l a t e d
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k - f a c t o r  f o r  t h e  r a d i o i s o t o p e ,  so t h a t  t h e  m e a su re d  
s o u r c e  s t r e n g t h  w i l l  have  a  n e g a t i v e  e r r o r .  T he 
o b s e r v e d  c o u n t i n g  r a t e  when c o r r e c t e d  f o r  1 m i l l i -  
c u r i e  a t  1 m e t r e  w i l l  t h u s  a l s o  be s u b j e c t  t o  a  
p o s i t i v e  e r r o r .  S i m i l a r  c o n s i d e r a t i o n s  a p p ly  t o  
t h e  m e a su re m e n t o f  c r y s t a l  d i m e n s i o n s .  The w e i g h t s  
o f  t h e  c r y s t a l s  a r e  known t o  a  h i g h  d e g r e e  o f  
a c c u r a c y .  A p o s i t i v e  e r r o r  i n  m e a su re m e n t o f  
c r o s s - s e c t i o n  w i l l  t h e r e f o r e  be  a c c o m p a n ie d  by a  
n e g a t i v e  e r r o r  i n  c a l c u l a t e d  c r y s t a l  t h i c k n e s s ;  
t h e  n e t t  e f f e c t  on t h e  c a l c u l a t e d  r a t e  o f  s e c o n d a r y  
e l e c t r o n  p r o d u c t i o n  w i l l  be s m a l l .
T he q u a n t i t i e s  m o st l i k e l y  t o  c a u s e  e r r o r  i n  
t h e  e x p e r i m e n t a l  v a l u e s  f o r  £ a r e  t h e  m easu red  s o u r c e  
s t r e n g t h s  an d  t h e  c a l c u l a t e d  a b s o r p t i o n  c o e f f i c i e n t s .  
T a k in g  t h e  s t a n d a r d  e r r o r  i n  t h e  f o r m e r  a s  + 4 ^ ,  and 
t h a t  o f  t h e  l a t t e r  a s  + 5^ and  a l l o w i n g  a  f u r t h e r  
s t a n d a r d  e r r o r  o f  + 1% f o r  a l l  o t h e r  e f f e c t s ,  
i n c l u d i n g  t h o s e  d u e  t o  s c a t t e r e d  r a d i a t i o n ,  t h e  
a b s o l u t e  v a l u e s  o f  £ o b t a i n e d  a r e  u n l i k e l y  t o  b e  
i n  e r r o r  by m ore t h a n  + 1 0 ^ .
I n  c a l c u l a t i n g  t h e  a b s o r p t i o n  c o e f f i c i e n t s  f o r  
t h a l l i u m - a c t i v a t e d  p o ta s s iu m  an d  sod ium  i o d i d e s ,  
t h e  p r e s e n c e  o f  t h e  s m a l l  p e r c e n t a g e  ( 0 . 5  -  1 . 0 ^ )  o f
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t h a l l i u m  a c t i v a t o r  was n o t  t a k e n  i n t o  a c c o u n t ;  
t h e  e r r o r  due t o  t h i s  a p p r o x i m a t i o n  i s  n e g l i g i b l e  
i n  t h e  g am m a-en e rg y  r a n g e  u n d e r  c o n s i d e r a t i o n .
( c )  E x p e r i m e n t a l  R e s u l t s ;  C a lc iu m  T u n g s t a t e .
D e t a i l e d  s t u d i e s  o f  t h e  c o u n t i n g  r a t e s  o b s e rv e d  
i n  c a l c i u m  t u n g s t a t e  w ere  made a t  s c a l e r  r e s o l v i n g  
t i m e s  o f  10  and  1 0 0  m i c r o s e c o n d s .  R e f e r e n c e  t o  
f i g u r e  41 shows t h a t  t h e  l a t t e r  c o n d i t i o n  s a t i s f i e s  
t h e  r e q u i r e m e n t  t h a t  t h e  r e s o l v i n g  t im e  s h o u ld  be 
l o n g  com pared  w i t h  t h e  d e c a y  t i m e  o f  t h e  lu m in o p h o r ;  
a t  10  m ic r o s e c o n d s  r e s o l v i n g  t im e  t h i s  c o n d i t i o n  i s  
n o t  s a t i s f i e d .
The c r y s t a l s  u s e d  i n  t h e s e  i n v e s t i g a t i o n s  w ere
p
c y l i n d r i c a l  i n  f o r m ,  o f  c r o s s  s e c t i o n a l  a r e a  0 .0 5  cm. 
a p p r o x i m a t e l y ,  an d  o f  t h i c k n e s s e s  up  t o  0 .5  cm. T hey  
w ere  m o u n ted  w i t h  a  b a s a l  p l a n e  p r e s e n t e d  t o w a r d s  t h e  
l i g h t  g u i d e .  B a ck g ro u n d  c o u n t i n g  r a t e s  i n  t h e s e  
c r y s t a l s  i n  t h e  a b s e n c e  o f  a  s o u r c e  w ere  i n  a l l  c a s e s  
l e s s  t h a n  1 c o u n t / s e c o n d .
I n  T a b le  X V I, t h e  r e s u l t s  o f  a  s e r i e s  o f  
o b s e r v a t i o n s  and  c a l c u l a t i o n s  f o r  a  s i n g l e  c r y s t a l  o f  
t h i c k n e s s  0 .1 3 8  cm. a r e  p r e s e n t e d ,  t h e  r e s o l v i n g  t im e  
o f  t h e  s c a l e r  b e i n g  i n  t h i s  c a s e  1 00  m i c r o s e c o n d s .  
T h e r e  i s  s e e n  t o  be r e a s o n a b l e  a g re e m e n t  b e tw e e n  t h e
o b s e r v e d  r a t e s  an d  t h e  c a l c u l a t e d  r a t e s  o f  p r o d u c t i o n
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o f  e l e c t r o n s  f o r  8 o d i im 2 ^ an d  c o b a l t g a m m a - r a y s ,  
b u t  t h e  r a t i o ,  & , o f  t h e  tw o r a t e s  f a l l s  o f f  r a p i d l y  
a t  l o w e r  gam m a-ray  e n e r g i e s .
T a b le  I V I .
o f  T h i c k n e s s 0 .1 3 8  cm s. d ue t o  1  m i l l i c u r i e  o f v a r i o u s
R a d i o i s o t o n e s  a t  1  m e t r e .
R a d i o i s o t o p e . O b se rv e d  
C o u n t in g  
R a te  
c o u n t s / s e c .
C a l c u l a t e d  R a te  o f  
P r o d u c t i o n  o f  S e c ­
o n d a ry  E l e c t r o n s  
e l e c t r o n s / s e c .
&
Sodium  24 3 .3 2 3 .1 6 1 .0 5
C o b a l t  60 3 .9 8 4 .1 9 0 .9 5
B rom ine  82 7 .5 5 8 . 1 2 0 .9 3
I o d i n e  131 3 .2 3 5 .6 7 0 .5 7
G old  1 9 8 3 .2 7 4 .6 7 0 .7 0
T h e s e  r e s u l t s  a r e  t o  be e x p e c t e d  b e c a u s e  o f  t h e  
i n c r e a s e d  p r o b a b i l i t y  t h a t  t h e  s m a l l  s c i n t i l l a t i o n s  
p r o d u c e d  by low  e n e rg y  g a m m a - r a d i a t i o n  w i l l  f a i l  t o  
r e l e a s e  an e l e c t r o n  a t  t h e  p h o t o - m u l t i p l i e r  c a t h o d e ,  
and  t h u s  f a i l  t o  be r e c o r d e d .
S i m i l a r  m e a s u re m e n ts  w ere  made on c r y s t a l s  o f  
t h i c k n e s s  0 .3 7 0  cm . and  0 .5 5 3  c m . , and i n  f i g u r e s  46 
and  4 7 ,  t h e  r a t i o  & i s  p l o t t e d  a s  a  f u n c t i o n  o f
z: ::
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c r y s t a l  t h i c k n e s s  f o r  e a c h  o f  t h e  f i v e  r a d i o i s o t o p e s  
s t u d i e d ,  a t  r e s o l v i n g  t i m e s  o f  100  m ic r o s e c o n d s  and  
10  m ic r o s e c o n d s  r e s p e c t i v e l y .  M l  c o u n t i n g  r a t e s  
a t  10  m ic r o s e c o n d s  r e s o l v i n g  t im e  a r e  h i g h e r  by 
a p p r o x i m a t e l y  1 0 ^  b e c a u s e  o f  m u l t i p l e  c o u n t i n g  o f  
s e c o n d a r y  e l e c t r o n s .  â t  100  m ic r o s e c o n d s  r e s o l v i n g  
t i m e ,  t h e r e  i s  r e a s o n a b l e  a g re e m e n t  b e tw e e n  t h e  
o b s e r v e d  and  c a l c u l a t e d  r a t e s  d ue  t o  sod ium 2 4 , c o b a l t g Q ,  
an d  b ro m in e g 2 I f  t h e  c u r v e s  o f  f i g u r e  46 a r e  e x t r a p o l a t e d  
t o  z e ro  c r y s t a l  t h i c k n e s s .  I n  t h e  c a s e  o f  t h e  t h i c k e r  
c r y s t a l s  s t u d i e d ,  t h e r e  i s  some l o s s  i n  c o u n t i n g  r a t e  
w i t h  t h e s e  r a d i a i  s o t  o p e s  b e c a u s e  o f  t h e  r e d u c e d  
o p t i c a l  e f f i c i e n c y  o f  t h e  s y s te m  t o w a r d s  v i s i b l e  
p h o to n s  e m i t t e d  a t  t h e  b ack  o f  t h e  c r y s t a l .  W ith  
t h e  low  e n e r g y  g a m m a - r a d ia t io n  f ro m  i o d i n e ^ ; ; !  and  go ld^^gg , 
a  s i g n i f i c a n t  f r a c t i o n  o f  s e c o n d a r y  e l e c t r o n s  p r o d u c e d  
f a i l  t o  r e g i s t e r ,  e v e n  i n  t h i n  c r y s t a l s  o f  c a lc iu m  
t u n g s t a t e .
I n  f i g u r e  4 8 ,  t h e  v a l u e s  o f  £  g iv e n  i n  T a b le  
XVI a r e  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  mean e n e r g y ,  ET^  ,
o f  t h e  s e c o n d a r y  e l e c t r o n  p r o d u c e d  i n  t h e  c r y s t a l  by 
t h e  v a r i o u s  r a d i o - i s o t o p e s  s t u d i e d .  The v a l u e s  o f  
w ere  c a l c u l a t e d  f ro m  t h e  d a t a  o f  A p p e n d ix  I I  and fro m  
t h e  assum ed  d e c a y  schem es  o f  t h e  r a d i o i s o t o p e s .  From
I» 8
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s u c h  a  c u r v e  a s  f i g u r e  4 8 ,  t h e  e x p e c t e d  v a l u e  o f  ^  
ca n  be fo u n d  f o r  any  r a d i o i s o t o p e  whose d e c a y  schem e 
i s  k n o w n ,
I n  t h e s e  m e a s u r e m e n ts ,  and  i n  t h o s e  t h a t  f o l l o w ,  
t h e  s t a n d a r d  e r r o r  i n  t h e  a b s o l u t e  v a l u e s  o f  ^  
o b t a i n e d  may be e s t i m a t e d  a s  + 1 0 ^ .
( d )  E x p e r i m e n t a l  R e s u l t s :  T h a l l i u m - A c t i v a t e d  
P o ta s s iu m  I o d i d e :
S i m i l a r  m e a s u re m e n ts  t o  t h o s e  j u s t  d e s c r i b e d  on 
c a lc iu m  t u n g s t a t e  w ere  made on t h a l l i u m - a c t i v a t e d  
p o t a s s i u m  i o d i d e .  Of t h i s  l u m i n o p h o r ,  t h e  c r y s t a l s  
u s e d  w ere  r e c t a n g u l a r  p a r a l l e l e p i p e d s  o f  c r o s s  — 
s e c t i o n  a p p r o x i m a t e l y  0 .1 6  cm. and  t h i c k n e s s e s  up t o
0 .5 5 9  cm. T he b a c k g ro u n d  c o u n t i n g  r a t e s  i n  t h e s e  
c r y s t a l s  i n  t h e  a b s e n c e  o f  any  s o u r c e  w ere v e r y  much 
h i g h e r  t h a n  t h o s e  o b s e r v e d  w i t h  c r y s t a l s  o f  c a lc iu m
t u n g s t a t e  o f  s i m i l a r  s i z e .  I n  f i g u r e  49> t h e s e  
b a c k g r o u n d s ,  c o r r e c t e d  f o r  p h o t o - m u l t i p l i e r  b a c k g ro u n d ,
a r e  p l o t t e d  a s  a  f u n c t i o n  o f  c r y s t a l  t h i c k n e s s .  To 
some e x t e n t  t h e s e  e f f e c t s  may be e x p l a i n e d  by t h e  
a n o m a lo u s ly  h i g h  e f f i c i e n c y  o f  t h e  lu m in o p h o r  t o w a r d s  
h i g h  e n e r g y  g a m m a - r a d ia t io n  w h ic h  h a s  a l r e a d y  been
m e n t i o n e d .  N e v e r t h e l e s s ,  a  c o n s i d e r a b l e  f r a c t i o n
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o f  t h e  o b s e r v e d  r a t e s  m ust a l s o  be d ue  t o  t h e  
p r e s e n c e  o f  t h e  n a t u r a l l y  o c c u r r i n g  r a d i o a c t i v e  
i s o t o p e  o f  p o t a s s i u m ,  T h i s  m a t t e r  w i l l  be
d i s c u s s e d  i n  d e t a i l  on  a  l a t e r  p ag e*
I n  f i g u r e  5 0 ,  r e s u l t s  o f  c o u n t i n g  r a t e  m e a s u re ­
m e n ts  made a t  a  r e s o l v i n g  t i m e  o f  10 m ic r o s e c o n d s  
i n  p o t a s s iu m  i o d i d e  a r e  show n . T he r a t i o  ^  i s  
s e e n  t o  be i n  a l l  c a s e s  g r e a t e r  t h a n  u n i t y ,  and t o  
i n c r e a s e  r a p i d l y  w i t h  gam m a-ray  e n e r g y .  I t s
d i m i n u t i o n  w i t h  i n c r e a s i n g  c r y s t a l  t h i c k n e s s  may be 
e x p l a i n e d  q u a l i t a t i v e l y  i n  t e r m s  o f  t h e  r e d u c t i o n  
i n  t h e  o p t i c a l  e f f i c i e n c y  o f  t h e  s y s te m  f o r  e v e n t s  
o c c u r r i n g  a t  t h e  b ack  o f  t h e  c r y s t a l .  I t s  f a l l  i n  
t h e  c a s e  o f  t h e  t h i n n e s t  c r y s t a l  s t u d i e d ,  on t h e  
o t h e r  h a n d ,  i s  p r o b a b l y  due  t o  t h e  e s c a p e  o f  some 
o f  t h e  m ore e n e r g e t i c  s e c o n d a r y  e l e c t r o n s  f ro m  t h e  
l a t t i c e  b e f o r e  t h e y  h av e  e x p e n d e d  a l l  t h e i r  a v a i l a b l e  
e n e r g y  i n  e x c i t i n g  p h o s p h o r e s c e n t  c e n t r e s .
The num ber o f  l u m i n e s c e n t  c e n t r e s  e x c i t e d  by a  
g i v e n  s e c o n d a r y  e l e c t r o n ,  and  h e n c e  t h e  num ber o f  
p h o s p h o r e s c e n t  c o u n t s  r e c o r d e d  p e r  s e c o n d a r y  e l e c t r o n  
( &  -  1 ) ,  may be  e x p e c t e d  t o  be l i n e a r l y  p r o p o r t i o n a l
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t o  i t s  e n e r g y .  T h i s  i s  a g r e e a b l y  b o rn e  o u t  by
t h e  a p p r o x i m a t e l y  l i n e a r  p l o t  o f  & a g a i n s t
c a l c u l a t e d  mean s e c o n d a r y  e l e c t r o n  e n e r g y ,  ,
shown i n  f i g u r e  51 f o r  a  c r y s t a l  o f  t h i c k n e s s
0 .1 7 2  cm. On e x t r a p o l a t i o n ,  t h i s  p l o t  i n t e r s e c t s
t h e  j  -  a x i s  a p p r o x i m a t e l y  a t  u n i t y ,  a s  e x p e c t e d : -
i n  t h e  h y p o t h e t i c a l  c a s e  i n  w h ic h  t h e  s e c o n d a r y
e l e c t r o n  e n e r g y  was z e r o ,  t h e  c o u n t i n g  r a t e  due
t o  p h o s p h o r e s c e n t  e m i s s i o n  w ould  o f  c o u r s e  v a n i s h .
R e t u r n i n g  now t o  t h e  h i g h  b a c k g ro u n d s  o b s e r v e d
i n  c r y s t a l s  o f  p o t a s s i u m  i o d i d e ,  t h e  d a t e  o f  f i g u r e
51 may be u s e d  t o  e v a l u a t e  t h e  e x p e c t e d  b ac k g ro u n d
c o u n t i n g  r a t e  d ue  t o  t h e  K c o n t e n t  o f  t h e  lu m in o -
40
p h o r .  The r a d i o - a c t i v i t y  o f  h a s  b e e n  t h e  
s u b j e c t  o f  a  l a r g e  num ber o f  r e c e n t  i n v e s t i g a t i o n s .  
The m ost p r o b a b l e  d e c a y  schem e i s  t h a t  p r o p o s e d  by 
H i r z e l  and  W S f f l e r  ( 1 9 4 6 )  and  shown i n  f i g u r e  5 2 ,  
T he b r a n c h i n g  r a t i o  h a s  b ee n  g iv e n
a s  0 .0 5  by  F lo y d  and  B o r s t  ( 1 9 4 9 ) .  S in c e  o n ly  a  
s m a l l  f r a c t i o n  o f  t h e  e m i t t e d  g am m a-q u an ta  w i l l  be 
s c a t t e r e d  o r  a b s o r b e d  w i t h i n  t h e  lu m in o p h o r  i n  
c r y s t a l s  o f  t h e  d im e n s io n s  u s e d  i n  t h e s e  s t u d i e s ,  
c o n t r i b u t i o n  o f  t h e  gam m a-ray  b r a n c h  c a n  be i g n o r e d
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i n  e v a l u a t i n g  t h e  e x p e c t e d  c o u n t i n g  r a t e s .  The
d e c a y  c o n s t a n t  o f  t h e  r a d i o - i s o t o p e  h a s  b e e n
d e t e r m i n e d  by B o r s t  an d  F lo y d  ( 1 9 4 8 ) ,  who o b t a i n e d
-10 -  'a  v a l u e  o f  3 . 9 .  10 y e a r .  The i s o t o p e  c o n c e n ­
t r a t i o n  o f  K^g i n  n o n - e n r i c h e d  a c t i v i t y  h a s
- 4r e c e n t l y  b e e n  f o u n d  by  N i e r  ( 1 9 5 0 )  t o  be 1 . 1 9 .  1 0  .
From t h e s e  v a l u e s ,  t h e  num ber  p e r  s e c o n d  p e r  
gram o f  p o t a s s i u m  i o d i d e  o f  t h o s e  d i s i n t e g r a t i o n s  
w h ic h  p r o d u c e  a  b e t a - p a r t i c l e  i s  g i v e n  by
O -  ' 6  io'!o
^  ~  ILL. 3US.  2L-. 3 t o o  ° 4 . 5 .
T a k i n g  t h e  mean e n e r g y  o f  t h e  b e t a - p a r t i c l e s  a s  
^ = 0 . 4 7  MeV. f i g u r e  51 g i v e s  a  v a l u e  o f  E.
o f  4 . 7 5  f o r  t h i s  r a d i a t i o n  i n  a  c r y s t a l  o f  t h i c k n e s s  
0 . 1 7 2  cm. The c o u n t i n g  r a t e  p e r  gm. o f  p o t a s s i u m  
i o d i d e  d u e  t o  K^g s h o u l d  t h u s  be 5 . 1  . 4 . 7 5  = 2 4 . 2  
c o u n t s / s e c o n d ;  i n  v ie w  o f  t h e  s t a n d a r d  e r r o r s  i n  
t h e  v a l u e s  u s e d  f o r  t h e  d e c a y  c o n s t a n t  and i s o t o p i c  
c o n c e n t r a t i o n  o f  K ^g,  t h i s  v a l u e  i s  s u b j e c t  t o  an 
e r r o r  o f  + 2 0 ^ .  The o b s e r v e d  b a c k g ro u n d  c o u n t i n g  
r a t e  i n  a  c r y s t a l  o f  t h i c k n e s s  0 . 1 7 2  c m . , d e r i v e d  
f ro m  f i g u r e  4 9 ,  i s  2 7 . 8  c o u n t s / s e c o n d /  gm. Such  a
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v a l u e  i s  c o n s i s t e n t  w i t h  t h e  t h e o r y  t h a t  t h e  
i n c r e a s e d  b a c k g r o u n d  r a t e s  o b s e r v e d  i n  t h i s  lu m in o ­
p h o r  a r e  due  t o  t h e  c o n t e n t .
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U n c e r t a i n t y  r e g a r d i n g  t h e  m a g n i tu d e  and e n e r g y  
d i s t r i b u t i o n  o f  t h e  e x t e r n a l  b a c k g ro u n d  p r e v e n t s  an  
a c c u r a t e  v e r i f i c a t i o n  o f  t h e  d e c a y  c o n s t a n t  o f  t h e  
r a d i o - i s o t o p e  f ro m  t h e  e x p e r i m e n t a l  d a t a .  T h i s  
e x t e r n a l  b a c k g r o u n d  was l a r g e  b e c a u s e  o f  c o n s i d e r a b l e  
am o u n ts  o f  r a d i o - a c t i v e  m a t e r i a l s  s t o r e d  i n  t h e  
v i c i n i t y  o f  t h e  l a b o r a t o r y .  M e a s u re m e n ts  on c r y s t a l s  
o f  c a l c i u m  t u n g s t a t e  and  t h a l l i u m - a c t i v a t e d  sodium 
i o d i d e ,  s i m i l a r  i n  s i z e  t o  t h e  p o t a s s i u m  i o d i d e  
c r y s t a l s  s t u d i e d ,  s u g g e s t  h o w e v e r  t h a t  an u p p e r  
l i m i t  o f  5 c o u n t s / s e c o n d / g m . c a n  be a s s i g n e d  t o  t h e  
b a c k g ro u n d  c o u n t i n g  r a t e s  due  t o  r a d i a t i o n  f rom  
e x t e r n a l  s o u r c e s  i n  t h e  l a t t e r  c r y s t a l s .  W i t h i n  t h e
l i m i t s  o f  e x p e r i m e n t a l  e r r o r ,  t h e r e f o r e ,  t h e  o b s e r v e d  
r a t e s  c o n f i r m  t h e  v a l u e  q u o t e d  by B o r s t  and F lo y d  f o r  
t h e  d e c a y  c o n t e n t  o f  K^Q. S i m i l a r  m e a s u r e m e n t s  h av e  
b e e n  made by S m a l l e r ,  May and  F reedm an  ( 1 9 5 0 )  u s i n g  a  
c o i n c i d e n c e  c o u n t i n g  a r r a n g e m e n t ;  no c o r r e c t i o n  f o r  
e x t e r n a l  b a c k g r o u n d  a p p e a r s  t o  h av e  b een  made by 
t h e s e  w o r k e r s .
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( e )  E x p e r im e n t  a l  He s u i t  s : T h a l l i u m - a c t  i v a t  e d 
Sodium I o d i d e :
M e a s u r e m e n t s  w ere  made on c r y s t a l s  o f  sodium 
i o d i d e  o f  s i m i l a r  fo rm  and  s i z e  t o  t h o s e  o f  p o t a s s i u m  
i o d i d e  s t u d i e d ,  t h e  p r e c a u t i o n s  d e s c r i b e d  on p a g e  128  
b e i n g  c a r e f u l l y  f o l l o w e d .  The b a c k g ro u n d  c o u n t i n g  
r a t e s  i n  t h e s e  c r y s t a l s  were  i n  a l l  c a s e s  l e s s  t h a n  
2 c o u n t s / s e c o n d ,  t h e r e  b e i n g  no e v i d e n c e  o f  any 
i n t e r n a l  b a c k g r o u n d  e f f e c t s .
The r e s u l t s  w i t h  r a d i o - a c t i v e  s o u r c e s  f o l l o w e d  
t h e  same g e n e r a l  p a t t e r n  a s  t h o s e  a l r e a d y  d e s c r i b e d  
f o r  p o t a s s i u m  i o d i d e .  O b s e rv e d  c o u n t i n g  r a t e s  w ere  
i n  a l l  c a s e s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  c a l c u l a t e d  
r a t e s  o f  s e c o n d a r y  e l e c t r o n  p r o d u c t i o n ;  i n  f i g u r e  53 
a r e  s e e n  t h e  v a l u e s  o f  & d e r i v e d  f ro m  a  s e r i e s  o f  
m e a s u r e m e n t s  made a t  a  s c a l e r  r e s o l v i n g  t i m e  o f  1 0 0  
m i c r o s e c o n d s .  F i g u r e  54 shows t h e  c o r r e s p o n d i n g  
p l o t  o f  £- a g a i n s t  f o r  a  c r y s t a l  o f  t h i c k n e s s  
1 . 9 1  cm. k s  i n  t h e  c a s e  o f  p o t a s s i u m  i o d i d e ,  
t h i s  p l o t  i s  s e e n  t o  be  a p p r o x i m a t e l y  l i n e a r  and t o  
i n t e r s e c t  t h e  (j- a x i s  on  e x t r a p o l a t i o n  a t  u n i t y .
Im ill !l!ü#n
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4 .  MEASUREMENT OF PULSB>AMPLITUDB DISTRIBUTIONS IN 
CRYSTALLINE LUMINOPHORS:
( a )  M e th o d s  o f  M e a s u r e m e n t :
The e x p e r i m e n t a l  c u r v e s  o f  c o u n t i n g  r a t e  a s  a  
f u n c t i o n  o f  p u l s e  d i s c r i m i n a t o r  s e t t i n g  o b s e r v e d  
w i t h  t h e  P e r s p e x  r o d  and  c a m e ra  s h u t t e r  o f  f i g u r e  13 
( i n s e t  A) and  r e p o r t e d  i n  f i g u r e  37 show no e v i d e n c e  
o f  an y  d i s c o n t i n u i t i e s  c o r r e s p o n d i n g  t o  t h e  e n e r g y  
d i s t r i b u t i o n s  o f  t h e  s e c o n d a r y  e l e c t r o n s  i n  t h e  
c r y s t a l .  Such  d i s c o n t i n u i t i e s  a r e  n o t  i n d e e d  t o  
be  e x p e c t e d ,  s i n c e  t h e  fo rm  o f  t h e  o b s e r v e d  p u l s e  
a m p l i t u d e  d i s t r i b u t i o n s  i n d i c a t e s  t h a t  t h e  a v e r a g e  
nu m b e r  o f  e l e c t r o n s  r e l e a s e d  a t  t h e  c a t h o d e  o f  t h e  
p h o t o - m u l t i p l i e r  by t h e  s c i n t i l l a t i o n  p r o d u c e d  by a  
1 MeV. s e c o n d a r y  e l e c t r o n  i n  c a l c i u m  t u n g s t a t e  i s  
a p p r o x i m a t e l y  t h r e e . I t  w i l l  be s e e n  f ro m  f i g u r e  11 
t h a t  u n d e r  t h e s e  c o n d i t i o n s  t h e  f i n e  s t r u c t u r e  o f  
t h e  p u l s e  a m p l i t u d e  d i s t r i b u t i o n  i s  c o m p l e t e l y  l o s t  
b e c a u s e  o f  t h e  p h o t o - m u l t i p l i e r  s t a t i s t i c s .
I n  o r d e r  t o  o b s e r v e  t h i s  f i n e  s t r u c t u r e ,  i t  i s  
n e c e s s a r y  t o  u s e  a n  e x p e r i m e n t a l  a r r a n g e m e n t  o f  
h i g h e r  o p t i c a l  e f f i c i e n c y . F o r  t h i s  p u r p o s e ,  u s e  
was made o f  t h e  d e v i c e  shown i n  f i g u r e  13 ( i n s e t  B),
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i n  w h ic h  t h e  c r y s t a l  i s  m oun ted  a l m o s t  i n  c o n t a c t  
w i t h  t h e  e n v e l o p e  o f  t h e  p h o t o - m u l t i p l i e r  t u b e .
The p h o t o - m u l t i p l i e r  a s s e m b l y  was m oun ted  on t h e  
o p t i c a l  b e n c h  a s  i n  t h e  p r e v i o u s  e x p e r i m e n t s .
The p h o t o - m u l t i p l i e r  was u s u a l l y  u n c o o l e d  i n
t h e s e  m e a s u r e m e n t s ,  i t s  i n t e r - d y n o d e  p o t e n t i a l
b e i n g  108 v o l t s .  The a m p l i f i e r  was o p e r a t e d  a t
an  a t t e n u a t i o n  o f  20 dB. o r  m o re ;  u n d e r  t h e s e
c o n d i t i o n s ,  t h e  b a c k g ro u n d  c o u n t i n g  r a t e  due t o
t h e r m i o n i c  e m i s s i o n  a t  t h e  p h o t o - c a t h o d e  was s m a l l
a t  p u l s e  d i s c r i m i n a t o r  s e t t i n g s  o f  g r e a t e r  t h a n  15
v o l t s .  C o u n t i n g  r a t e s  w ere  o b s e r v e d  on t h e  r a t e -
«
m e t e r ,  t h e  p u l s e - h e i g h t  d i s t r i b u t i o n s  b e i n g  o b t a i n e d  
by d i f f e r e n t i a t i o n  o f  t h e  o b s e r v e d  c u r v e s  o f  c o u n t i n g  
r a t e  a g a i n s t  p u l s e - d i s c r i m i n a t o r  s e t t i n g .  S o u r c e s  
o f  a p p r o x i m a t e l y  1 m i l l i c u r i e , m e a s u r e d  a s  a l r e a d y  
d e s c r i b e d ,  w ere  u s e d  a t  d i s t a n c e s  f ro m  t h e  c r y s t a l  
o f  t h e  o r d e r  o f  10  cm.
The m e thod  o f  m e a s u r i n g  t h e  d i s t r i b u t i o n s  was 
a s  f o l l o w s : -  l i t h  no c r y s t a l  i n  t h e  h o l d e r ,  a  
c a l i b r a t e d  s o u r c e  was m oun ted  on t h e  o p t i c a l  b en ch  
a t  a  m e a s u r e d  d i s t a n c e  f ro m  t h e  l i g h t  t i g h t  cap  o f  
t h e  h o l d e r .  A c o p p e r  f i l t e r  o f  s u i t a b l e  t h i c k n e s s  
was i n t e r p o s e d  b e tw e e n  t h e  s o u r c e  and  t h e  h o l d e r  t o
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e x c l u d e  b e t a - r a d i a t i o n . O b s e r v a t i o n s  were  t h e n
made o f  t h e  b a c k g r o u n d  c o u n t i n g  r a t e s  a t  1 v o l t  
i n t e r v a l s  o f  p u l s e  d i s c r i m i n a t o r  s e t t i n g .  A 
m o u n ted  c r y s t a l  was n e x t  p l a c e d  i n  t h e  h o l d e r ,  
and  o b s e r v a t i o n s  o f  t h e  v a r i a t i o n  i n  c o u n t i n g  r a t e  
a s  a  f u n c t i o n  o f  p u l s e  d i s c r i m i n a t o r  s e t t i n g  a g a i n  
m a d e . A l l  c o u n t i n g  r a t e s  were  c o r r e c t e d  f o r  
r e s o l v i n g  t i m e  l o s s e s ,  and t h e  t r u e  c o u n t i n g  r a t e s  
due  t o  s c i n t i l l a t i o n s  i n  t h e  c r y s t a l  a p p r o p r i a t e  
t o  1 m i l l i c u r i e  o f  a c t i v i t y  a t  1 m e t r e  d i s t a n c e  
d e d u c e d  f ro m  t h e  known s t r e n g t h  o f  t h e  s o u r c e ,  
c o r r e c t e d  w h ere  n e c e s s a r y  f o r  r a d i o - a c t i v e  decay#
A c o r r e c t i o n  was i n c l u d e d  h e r e  f o r  a b s o r p t i o n  o f  
r a d i a t i o n  i n  t h e  c o p p e r  f i l t e r ,  b u t  no c o r r e c t i o n  
was n e e d e d  f o r  t h e  v e r y  s l i g h t  s h i e l d i n g  e f f e c t  o f  
t h e  c r y s t a l  on  t h e  p h o t o - m u l t i p l i e r  t u b e .
The i n t e g r a l  c u r v e  o f  t r u e  c o u n t i n g  r a t e  
a g a i n s t  p u l s e  d i s c r i m i n a t o r  s e t t i n g  was t h e n  d i f f e r ­
e n t i a t e d  by  t a k i n g  i t s  i n c r e m e n t  o v e r  e a c h  1 v o l t  
s t e p  i n  p u l s e  d i s c r i m i n a t i o n .  T h i s  d i f f e r e n t i a t i o n  
w ou ld  h ave  b e e n  a v o i d e d ,  and  t h e  e x p e r i m e n t a l  e r r o r s  
due  t o  random  f l u c t u a t i o n s  i n  c o u n t i n g  r a t e  r e d u c e d ,  
i f  a  p u l s e - h e i g h t  a n a l y s e r  c o u l d  h av e  b ee n  u s e d  i n
lOO
O I
O OI
imm
• i U , U l 4Î  m î tin mi
ÜÜ I!!!
Kids I
u l s e  D i scr i r r . i na to r  S e t t  in(  ^ ( v o l C i )
143
p l a c e  o f  t h e  r a t e m e t e r .  U n f o r t u n a t e l y ,  s u c h  an 
i n s t r u m e n t  was n o t  a t  t h e  t i m e  a v a i l a b l e .
( b )  E x p e r i m e n t a l  R e s u l t s ;
^  t y p i c a l  d i s t r i b u t i o n ,  o b t a i n e d  a t  an  a m p l i f i e r  
a t t e n u a t i o n  o f  20  dB .  ( n o m i n a l )  and  r a t e m e t e r  
r e s o l v i n g  t i m e  o f  100  m i c r o s e c o n d s  ( n o m i n a l )  w i t h  a  
s m a l l  c r y s t a l  o f  c a l c i u m  t u n g s t a t e  o f  mass 0 .1 2 4  
gm s .  i r r a d i a t e d  by c o b a l t g a m m a - r a d i a t i o n , i s  
shown i n  f i g u r e  55* T h e re  i s  some e v i d e n c e  o f  
d i s c o n t i n u i t i e s  i n  t h e  d i s t r i b u t i o n  due t o  t h e  
p h o t o - e l e c t r i c  a b s o r p t i o n  and  Compton s c a t t e r i n g  
o f  t h e  tw o  g am m a-rays  a t  1 . 1 6  and 1 . 3 2  MeV. The 
a r r o w s  g i v e  t h e  t h e o r e t i c a l  p o s i t i o n s  o f  t h e  p h o t o ­
e l e c t r o n  p e a k s  and  Compton e d g e s  c a l c u l a t e d  f rom  
t h e  o b s e r v e d  p o s i t i o n  o f  t h e  1 . 3 2  MeV. p h o t o - e l e c t r o n  
p e a k ,  a s s u m in g  a  l i n e a r  r e l a t i o n s h i p  b e tw een  s e c o n d a r y  
e l e c t r o n  e n e r g y  and  p u l s e  a m p l i t u d e .
F i g u r e s  56 and 57 show p u l s e - a m p l i t u d e  d i s t r i b u t i o n
d u e  t o  so d iu m  and  i o d i n e .  __ g a m m a - ra d i a t  i o n  i n  t h e  
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same c a l c i u m  t u n g s t a t e  c r y s t a l ,  t h e  f o r m e r  a t  an 
a m p l i f i e r  a t t e n u a t i o n  o f  26 d B .  and t h e  l a t t e r  a t  
20  d B .  The  t h e o r e t i c a l  p o s i t i o n s  o f  t h e  p e a k s  and 
e d g e s  i n d i c a t e d  on t h e s e  d i s t r i b u t i o n s  a r e  a l s o  b a s e d  
on  t h e  o b s e r v e d  p o s i t i o n  o f  t h e  1 . 3 2  MeV. p e a k  i n  t h e
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d i s t r i b u t i o n  f o r  c o b a l t ^ * .  S i m i l a r  d i s t r i b u t i o n s
bu
were o b ta in e d  i n  c r y s t a l s  o f  l a r g e r  s i z e ,  but t h e  
d i s c o n t i n u i t i e s  were t h e n  l e s s  easy  t o  o b s e rv e ,  
p r o b a b ly  because  o f  t h e  v a r i a t i o n  i n  o p t i c a l  
e f f i c i e n c y  o f  t h e  system to w a rd s  e v e n t s  o c c u r r i n g  
a t  d i f f e r e n t  p o i n t s  w i th i n  t h e  c r y s t a l .
I n  f i g u r e  58, i s  seen t h e  c o r re sp o n d in g  
d i s t r i b u t i o n  o b ta in e d  a t  an a m p l i f i e r  a t t e n u a t i o n  
o f  20 dB. w i th  a 0 .126 gm. c r y s t a l  o f  t h a l l i u m -  
a c t i v a t e d  p o ta s s iu m  io d id e  exposed t o  c o b a l t
60
gam m a-rad ia t  i o n .  In  t h i s  ca se  t h e  phosphorescence  
o f  t h e  lum inophor  p roduces  a  sh a rp  r i s e  i n  t h e  
d i s t r i b u t i o n  a t  p u l s e  d i s c r i m i n a t o r  s e t t i n g s  below 
20 v o l t s .  A s i m i l a r  d i s t r i b u t i o n  f o r  a 0 .232  gm. 
c r y s t a l  o f  t h a l l i u m - a c t i v a t e d  sodium io d id e  i s  
shown i n  f i g u r e  59 .  > t h e s e  measurements b e in g  made 
a t  an a t t e n u a t i o n  o f  30 d B . , because  o f  t h e  h ig h e r  
l u m in e s c e n t  e f f i c i e n c y  o f  t h e  c r y s t a l .
I t  i s  o f  i n t e r e s t  t h a t  t h e  g r a d i e n t  o f  t h e  
e a r l y  p o r t i o n  o f  t h e s e  d i s t r i b u t i o n s  i s  s i m i l a r  
t o  t h a t  due t o  t h e  p h o t o - m u l t i p l i e r  tu b e  s t i m u l a t e d  
by a low i n t e n s i t y  o f  c o n t in u o u s  l i g h t  ( f i g u r e  26) 
c o n f i r m in g  t h e  s in g l e - p h o t o n  c h a r a c t e r  o f  t h e  
p h o s p h o re s c e n t  e m is s io n .
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( c )  D i s c u s s i o n :
I t  i s  known from t h e  e x p e r i m e n ta l  d a t a  o f  
f i g u r e s  25 and 26 t h a t  a s i n g l e  e l e c t r o n  a r r i v i n g  
a t  t h e  f i r s t  dynode o f  t h e  p h o t o - m u l t i p l i e r  p ro d u ces  
a p u l s e  o f  17 v o l t s  am p l i tu d e  a t  an a m p l i f i e r  
a t t e n u a t i o n  o f  10 dB. From t h e  obse rved  p o s i t i o n  
o f  t h e  1 .3 2  MeV. p h o t o - e l e c t r o n  peak in  f i g u r e  55 
i t  can be deduced t h a t  a  1 MeV. p h o t o - e l e c t r o n  
r e l e a s e d  i n  t h e  c r y s t a l  c a u s e s  t h e  a r r i v a l  a t  t h e  
f i r s t  dynode o f  a p p ro x im a te ly  5 .2  e l e c t r o n s .  A
com par ison  o f  t h e  g e n e r a l  form o f  t h e  d i s t r i b u t i o n  
w i th  t h o s e  o f  f i g u r e  11 s u p p o r t s  t h i s  d e d u c t io n .
I t  i s  a p p a re n t  t h a t  f o r  gamma-ray s p e c t ro s c o p y  
w i th  t h e  s c i n t i l l a t i o n  c o u n t e r ,  a  c o n s i d e r a b l y  h i g h e r  
o p t i c a l  e f f i c i e n c y  i s  r e q u i r e d  th a n  i s  r e a l i s e d  i n  
t h e  e x p e r i m e n t a l  a r rangem ent  used  h e r e .  T h i s  i s  
d i f f i c u l t  t o  a c h ie v e  w i th  t h e  ty p e  I  P 21 p h o to ­
m u l t i p l i e r  t u b e .  Using  an R .C .A ,  ty p e  5819 p h o to ­
m u l t i p l i e r ,  which h as  t h e  p h o t o - s e n s i t i v e  s u r f a c e  
d e p o s i t e d  on t h e  g l a s s  e n v e lo p e ,  p e r m i t t i n g  an 
h i g h l y  e f f i c i e n t  o p t i c a l  c o u p l in g  w i th  t h e  c r y s t a l ,  
and a  t h a l l i u m - a c t i v a t e d  sodium i o d i d e  lum inophor  
backed by a  r e f l e c t o r ,  H o f s t a d t e r  and M acIn tyre
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(1950 a ,  b ,  c ,  d ,  e ,  f . ) have r e c e n t l y  o b ta in e d  
d i s t r i b u t i o n s  ana logous  t o  t h e  cu rve  o f  f i g u r e  11 
f o r  % lOOO # U sing  t h i s  system
t h e y  have been a b le  s u c c e s s f u l l y  t o  a n a ly s e  t h e  
g am m a-spec tra  o f  many r a d i o - i s o t o p e s .  Johannson  
(1950 a ,  b . ) ,  has  o b t a in e d  d i s t r i b u t i o n s . s i m i l a r  
t o  t h o s e  o f  t h e  a u t h o r ,  u s i n g  a ty p e  I  P 21 tu b e  
i n  c o n j u n c t i o n  w i th  a t h a l l i u m - a c t i v a t e d  sodium 
i o d i d e  c r y s t a l .
From t h e  d a t a  o f  f i g u r e s  55 -  59> i t  i s  
p o s s i b l e  t o  a s s e s s  t h e  r e l a t i v e  e f f i c i e n c i e s  o f  
t h e  v a r i o u s  lum inophors  u s e d .  The v a l u e s  o f  
T ab le  XVII a r e  based  on th e  o b se rv ed  p o s i t i o n s  o f  
t h e  1 .3 2  MeV. p h o t o - e l e c t r o n  peak due t o  c o b a l t  
g a m m a - ra d ia t io n ,  h av ing  due r e g a r d  f o r  t h e  d i f f e r e n t  
l e v e l s  o f  a m p l i f i e r  a t t e n u a t i o n  u s e d ,  ca lc ium  tu n g ­
s t a t e  b e in g  t a k e n  a s  u n i t y .  No c o r r e c t i o n  h as  been 
made f o r  t h e  r e s p o n s e  o f  t h e  p h o t o - m u l t i p l i e r  
c a t h o d e •
T ab le  XVII
R e l a t i v e  E f f i c i e n c i e s  o f  C r y s t a l l i n e  Luminophors .  
Calcium T u n g s t a t e  1 .0
P o ta s s iu m  I o d id e /T h a l l i u m  1 .2
Sodium Io d id e /T h a l l i u m  1 .7
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An app rox im a te  e s t i m a t e  o f  t h e  a b s o l u t e  
e f f i c i e n c y  o f  t h e  v a r i o u s  lum inophors  used  can 
be made as  f o l l o w s :  The ca th o d e  o f  t h e  I  P 21
p h o t o - m u l t i p l i e r  has  an a r e a  o f  1 .9  cm^ (Morton 
and M i t c h e l l  1 9 4 8 ) ,  and t h e  d i s t a n c e  from t h e  
m id -p o in t  o f  t h e  c r y s t a l  t o  t h e  p h o t o - s e n s i t i v e  
s u r f a c e  i n  t h e  arrangem ent  u sed  was a p p ro x im a te ly  
1 cm. Assuming a  u n i fo rm  em is s io n  o f  l i g h t  i n  
a l l  d i r e c t i o n s  from t h e  c r y s t a l ,  t h e  o p t i c a l  
e f f i c i e n c y  ( ) ,  was t h u s  a p p ro x im a te ly  0 . 1 .
The mean quantum e f f i c i e n c y  ( ) ,  o f  t h e  p h o to ­
ca th o d e  o f  t h e  ty p e  I  P 21 t u b e  o v e r  t h e  r a n g e  o f  
v i s i b l e  l i g h t  concerned  i s  a l s o  a p p r o x i m a t e l y '0 . 1 .  
The f a c t o r  ( ) ,  has  a l r e a d y  been shown t o  be
0 . 6 6 ,  where t h e  ^whole o f  t h e  p h o to - c a th o d e  i s  
i l l u m i n a t e d  ( f i g u r e  3 5 ) .  Hence f o r  a 1 MeV. 
s e co n d a ry  e l e c t r o n  i n  t h a l l i u m - a c t i v a t e d  sodium 
i o d i d e :
. O'l . o  ( . 0-6L = 5 - 1. 1*7
r n ,  ^  i S o o
T h is  v a lu e  may be compared w i th  t h e  f i g u r e  quoted  
by H o f s t a d t e r  and M acIn ty re  (1950 d ,  e . )  o f  approx­
i m a t e l y  1000 p h o t o - e l e c t r o n s  r e l e a s e d  a t  t h e  photo- 
ca th o d e  o f  a  ty p e  5819 p h o t o - m u l t i p l i e r  by t h e
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s c i n t i l l a t i o n  due t o  a 1 MeV. secondary  e l e c t r o n  
i n  t h a l l i u m - a c t i v a t e d  sodium i o d i d e .  The o p t i c a l  
e f f i c i e n c y  o f  t h e  system used  by t h e s e  w orkers  was 
s a i d  t o  be n e a r  t o  u n i t y .  Hence, assuming a mean 
quantum e f f i c i e n c y  f o r  t h e  t y p e  5819 tu b e  o f  0 .1  
a l s o ,  t h e i r  r e s u l t s  i n d i c a t e  a pho ton  y i e l d  { rn  ^ ) 
i n  t h e  lum inophor  o f  10 ,000  due t o  a 1 MeV. seco n d a ry  
e l e c t r o n .  The a p p a re n t  d i s a g re em e n t  in  t h e s e  two 
r e s u l t s  can  be e x p la in e d  i n  p a r t  by t h e  improved 
r e s p o n s e  o f  t h e  ty p e  5819 t u b e , but d e r i v e s  more 
from t h e  as sum ption  made on page 147 t h a t  l i g h t  i s  
e m i t t e d  u n i f o rm ly  i n  a l l  d i r e c t i o n s  from t h e  c r y s t a l .  
Owing t o  i n t e r n a l  r e f l e c t i o n  and r e f r a c t i o n  e f f e c t s ,  
a c o n s i d e r a b l e  f r a c t i o n  o f  t h e  pho tons  p roduced  i n  
t h e  c r y s t a l  may f a i l  t o  e s cap e  from i t ,  and t h i s  
e f f e c t  w i l l  r e d u ce  t h e  e f f e c t i v e  o p t i c a l  e f f i c i e n c y  
o f  t h e  sy s te m .
Because o f  t h e  d i f f i c u l t y  i n  d e s ig n in g  a  system 
o f  h ig h  o p t i c a l  e f f i c i e n c y  w i th  t h e  ty p e  I  P 21 
p h o t o - m u l t i p l i e r ,  t h e s e  s t u d i e s  were d i s c o n t i n u e d  u n t i l  
t u b e s  o f  improved d e s ig n  became a v a i l a b l e .
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5 .  MEASUREMENT OF VARIATION OF EFFICISNCY WITH
TEMPERATURE IN CRYSTALLINE LUMINOPHORS;
( a )  Method o f  M easurement;
' The e x p e r im e n ta l  a r r a n g e m e n ts  j u s t  d e s c r i b e d  
f o r  t h e  i n v e s t i g a t i o n  o f  p u l s e  am p l i tu d e  d i s t r i b u t i o n s  
co u ld  a l s o  be used  t o  i n v e s t i g a t e  t h e  t e m p e r a tu r e  
c h a r a c t e r i s t i c s  o f  t h e  e f f i c i e n c i e s  o f  c r y s t a l l i n e  
lu m in o p h o r s .  A c r y s t a l  o f  t h e  luminophor  t o  be 
s t u d i e d  was mounted i n s i d e  t h e  p h o t o - m u l t i p l i e r  c a s e ,  
and i r r a d i a t e d  by a  c o n s t a n t  f l u x  o f  g am m a-ra d ia t io n  
from a  c o b a l t s o u r c e .  t o  i n t e g r a l  cu rve  o f  c o u n t in g  
r a t e  a s  a f u n c t i o n  o f  p u l s e  d i s c r i m i n a t o r  s e t t i n g  was 
p l o t t e d  i n  t h e  manner a l r e a d y  d e s c r i b e d .  The p u l s e  
d i s c r i m i n a t i o n  c o n t r o l  o f  t h e  r a t e m e t e r  was t h e n  se t  
a t  a  l e v e l  a t  which t h e  p h o t o - m u l t i p l i e r  background 
was s m a l l  but  t h e  c o u n t in g  r a t e  due t o  t h e  c r y s t a l  
s t i l l  l a r g e ,  and c o o l in g  w i th  l i q u i d  n i t r o g e n  commenced. 
The o b se rv ed  c o u n t in g  r a t e  e i t h e r  i n c r e a s e d  o r  d e c r e a s e d  
a s  c o o l i n g  p r o g r e s s e d ,  a c c o r d in g  a s  t h e  t e m p e r a t u r e  
c h a r a c t e r i s t i c  was n e g a t i v e  o r  p o s i t i v e .  From t h e  
cu rve  o f  c o u n t in g  r a t e  a g a i n s t  p u l s e  d i s c r i m i n a t o r  
s e t t i n g  a l r e a d y  p l o t t e d ,  t h e  e f f e c t  o f  c o o l i n g  on 
p u l s e  am p l i tu d e  could  be deduced .  By r e p e a t i n g  
t h e  p ro c e d u re  i n  t h e  absence  o f  any c r y s t a l ,  t h e
:::: :i:r
:::: :: :
if:
■1 ■i
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a p p r o p r i a t e  c o r r e c t i o n  f o r  background  e f f e c t s  
co u ld  be d e d u c e d .  S i m i l a r  m easurem ents  co u ld  
be made w i t h  t h e  p h o t o - m u l t i p l i e r  s t i m u l a t e d  
w i th  c o n t i n u o u s  l i g h t ,  u s i n g  t h e  p i n h o l e  c o l l i m a t o r  
and l i g h t  g u id e  a ssem bly  i n  t h e  manner d e s c r i b e d  on 
page  1 0 1 .
(b )  E x p e r im e n ta l  R e s u l t s  and D i s c u s s i o n ;
F i g u r e  60 shows t h e  e f f e c t  o f  c o o l i n g  on t h e  
a m p l i tu d e  o f  t h e  p u l s e s  p ro d u ced  by s i n g l e  p h o to n s  
i n c i d e n t  upon  t h e  c a th o d e  o f  t h e  p h o t o - m u l t i p l i e r .  
The l i g h t  so u rc e  was a  w h i te  c a rd b o a rd  d i f f u s e r  
p l a c e d  on t h e  a x i s  o f  t h e  c o l l i m a t o r  and i l l u m i n e d  
by a 40 w a t t  i n c a n d e s c e n t  l i g h t  b u lb  s e v e r a l  m e t r e s  
d i s t a n t  ; an  I l f o r d  Spectrum B lue’’^ f i l t e r  was 
i n t e r p o s e d  between s o u rc e  and c o l l i m a t o r .  The 
p u l s e  a m p l i t u d e  a t  room t e m p e r a t u r e  i s  t a k e n  as  
u n i t y ,  and a p p r o p r i a t e  c o r r e c t i o n s  made f o r  t h e  
r e d u c t i o n  i n  p h o t o - m u l t i p l i e r  background on c o o l i n g
T h e re  i s  seen  t o  be a  r a p i d  r i s e  o f  some 4^ i n  
p u l s e  a m p l i t u d e  s h o r t l y  a f t e r  t h e  commencement o f  
c o o l i n g .  The m agn i tude  o f  t h i s  e f f e c t ,  and i t s  
e a r l y  o c c u r r e n c e ,  s u g g e s t  t h a t  i t  i s  n o t  due t o  
ch a n g es  i n  t h e  p h o t o - m u l t i p l i e r  t e m p e r a t u r e  bu t
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r a t h e r  t o  t h e  change i n  r e s i s t a n c e  on c o o l i n g  o f  
t h e  l o a d  r e s i s t o r  (R 11 i n  f i g u r e  16)  which i s  
l o c a t e d  i n s i d e  t h e  p h o t o - m u l t i p l i e r  m o u n t in g .
Suppor t  f o r  t h i s  e x p l a n a t i o n  i s  g iv e n  by t h e  f a c t  
t h a t  t h e  p h o t o ^ m u l t i p l i e r  background has  n o t  
changed s i g n i f i c a n t l y  a f t e r  t e n  m in u te s  c o o l i n g ,  
w hereas  t h e  e f f e c t  u n d e r  d i s c u s s i o n  i s  by t h a t  
t im e  a lm o s t  c o m p le t e .  The t e m p e r a t u r e  c o e f f i c i e n t  
o f  r e s i s t i v i t y  o f  c r a c k e d  ca rb o n  i s  s t a t e d  t o  be o f  
t h e  o r d e r  o f  -  0 .0004, p e r  . ,  so t h a t  a change i n  
t e m p e r a t u r e  o f  100^ C, would p ro d u ce  an e f f e c t  o f  
t h e  o r d e r  o f  m agn i tude  r e q u i r e d .
The f a c t  t h a t  no s i g n i f i c a n t  change i n  p u l s e  
a m p l i tu d e  o c c u r s  on f u r t h e r  c o o l i n g  a f t e r  t h i s  
e f f e c t  i s  co m p le te  i n d i c a t e s  t h a t  t h e  t e m p e r a t u r e  
c o e f f i c i e n t s  o f  t h e  p h o t o - c a t h o de quantum e f f i c i e n c y  
( no^  ) and i n t e r - s t a g e  g a i n  (R) a r e  e i t h e r  n e g l i g i b l y  
s m a l l ,  o r  a c t  i n  o p p o s i t e  s e n s e s .
F i g u r e  61 shows s i m i l a r  c u r v e s  f o r  t h e  e f f e c t  
o f  c o o l i n g  on p u l s e  a m p l i tu d e  f o r  e a ch  o f  t h e  f o u r  
lu m in o p h o rs  s t u d i e d  -  ca lc iu m  t u n g s t a t e ,  a n t h r a c e n e ,  
and t h a l l i u m - a c t i v a t e d  p o ta s s iu m  and sodium i o d i d e s  -  
e x c i t e d  by c o b a l t g a m m a - r a d i a t  i o n . I n  d e r i v i n g
c»:
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t h e  c u r v e s  o f  r e l a t i v e  a m p l i t u d e ,  a c o r r e c t i o n  
h a s  been  i n c l u d e d  f o r  t h e  e f f e c t  o f  c o o l i n g  on 
t h e  p h o t o - m u l t i p l i e r  i^oad r e s i s t o r ,  t h e  o b se rv e d  
v a l u e s  o f  r e l a t i v e  am p li tude ,  c o r r e c t e d  f o r  back­
g round e f f e c t s ,  b e in g  d i v i d e d  by t h e  a p p r o p r i a t e  
o r d i n a t e s  o f  f i g u r e  60.
I t  w i l l  be seen  t h a t  t h e  p u l s e s  o b t a i n e d  i n  
c a lc iu m  t u n g s t a t e  i n c r e a s e  s l i g h t l y  i n  a m p l i tu d e  
on c o o l i n g  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  t h o s e  
i n  a n t h r a c e n e  rem a in  c o n s t a n t  w i t h i n  t h e  l i m i t s  
o f  e x p e r i m e n t a l  e r r o r ,  w h i le  t h o s e  i n  t h e  t h a l l i u m -  
a c t i v a t e d  a l k a l i - h a l i d e s  f a l l  r a p i d l y .  T hese  
o b s e r v a t i o n s  a r e  i n  agreem en t  w i th  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  o f  K ro g e r  (1948)  r e g a r d i n g  p u re  and 
i m p u r i t y - a c t i v a t e d  lu m in o p h o r s .  I n  p u re  lum ino ­
p h o r s ,  a  f a l l  i n  t e m p e r a t u r e  i s  accompanied  by a  
r e d u c t i o n  i n  t h e r m a l  quen ch in g  o f  e x c i t e d  c e n t r e s  
and so by an i n c r e a s e  i n  lu m i n e s c e n t  e f f i c i e n c y .
I n  i m p u r i t y  - a c t i v a t e d  sys tem s  how eve r ,  t h i s  i s  
accom panied  by a  r e d u c e d  r a t e  o f  r e l e a s e  o f  e l e c t r o n s  
f rom t r a p p i n g  s i t e s  and so by a r e d u c t i o n  in  
e f f i c i e n c y .
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The r e s u l t s  f o r  c a lc iu m  t u n g s t a t e  a r e  a l s o  
i n  good ag reem en t  w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s  
r e p o r t e d  by t h e  same a u t h o r  (K rbger  1 9 4 8 ) .
P u b l i s h e d  d a t a  do n o t  a p p e a r  t o  be a v a i l a b l e  f o r  
t h e  e f f e c t  o f  c o o l i n g  on t h e  e f f i c i e n c y  o f  t h e  
o t h e r  lu m in o p h o rs  s t u d i e d .
I t  i s  c l e a r  from t h e s e  r e s u l t s  t h a t  t h e  
e f f i c i e n c y  o f  a  s c i n t i l l a t i o n  c o u n t e r  u t i l i s i n g  
a  c a lc iu m  t u n g s t a t e  o r  a n t h r a c e n e  c r y s t a l  w i l l  
be bu t  s l i g h t l y  a f f e c t e d  i f  t h e  c r y s t a l  be c o o l e d .
On t h e  o t h e r  h a n d ,  t h e  c o o l i n g  o f  c r y s t a l s  o f  t h e  
a l k a l i - h a l i d e  t y p e  i s  d e f i n i t e l y  c o n t r a - i n d i c a t e d ,  
and where su ch  c r y s t a l s  a r e  u s e d  and i t  i s  d e s i r e d  
t o  c o o l  t h e  p h o t o - m u l t i p l i e r ,  a  l i g h t  g u id e  must be 
u s e d .
6 .  MEASUREMENT OF SPECTRAL DISTRIBUTION OF IIOHT 
EMITTED,, BYi CRYSTALLINE LUMINOPHORS.
( a )  Method, o f  M easurem ent:
The s p e c t r a l  d i s t r i b u t i o n s  o f  t h e  l i g h t  e m i t t e d  
u n d e r  g a m m a - ra d ia t io n  by t h e  c r y s t a l l i n e  lu m in o p h o rs  
s t u d i e d  were examined by means o f  a Z e i s s  medium 
d i s p e r s i o n  q u a r t z  s p e c t r o g r a p h .  The low i n t e n s i t y
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o f  t h e  e m i t t e d  l i g h t  n e c e s s i t a t e d  a lo n g  
ex p o s u re  ( o f  t h e  o r d e r  o f  14 d a y s )  w i th  t h e  
s l i t  o f  t h e  s p e c t r o g r a p h  wide o pen .  The 
t e c h n i q u e  a d o p te d  f o r  t h e s e  m easurements  was 
a s  f o l l o w s : -  The s p e c t r o g r a p h  was s e t  up i n  
a w e l l  t e s t e d  d a rk  room. The l a r g e s t  a v a i l a b l e  
c r y s t a l  o f  t h e  lum inophor  t o  be s tud ied^  was 
mounted i n  c l o s e  p r o x i m i t y  t o  t h e  wide open s l i t
o f  t h e  i n s t r u m e n t ,  and a  d i s c  so u rce  o f  c o b a l t ^
60
o f  s t r e n g t h  1 .5  m i l l i c u r i e s  a p p r o x i m a t e l y ,  was 
p l a c e d  b eh in d  and a lm o s t  i n  c o n t a c t  w i th  t h e  
c r y s t a l .  The p l a t e  was t h e n  exposed  f o r  t h e  
r e q u i r e d  p e r i o d ,  a f t e r  which  t h e  so u rce  and 
c r y s t a l  were removed and m ercury  d i s c h a r g e  r e f e r e n c e  
s p e c t r a  r e c o r d e d  on e i t h e r  s i d e  o f  t h e  lu m in o p h o r  
s p e c t r u m .  The p l a t e  was t h e n  d eve loped  i n  t h e  
u s u a l  m an n er .
C o n t r o l  e x p o s u re s  i n  t h e  absence  o f  any 
c r y s t a l  showed t h a t  t h e  d i r e c t  e f f e c t  o f  gamma- 
r a d i a t i o n  on t h e  p l a t e  was n e g l i g i b l e , a s  a l s o  was 
t h e  lu m in e s c e n c e  p roduced  i n  t h e  q u a r t z  l e n s e s  and 
p r i s m s  by t h e  r a d i a t i o n .  Only one lum in o p h o r  
sp e c t ru m  was r e c o r d e d  on e a c h  p l a t e .
lOO*
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The s p e c t r a  were examined w i t h  a  m ic ro ­
d e n s i t o m e t e r ,  and t h e  b l a c k e n i n g  p l o t t e d  a s  a  
f u n c t i o n  o f  w a v e le n g th .  Because o f  t h e  d i f f i c u l t y  
i n  e s t i m a t i n g  t h e  r a d i a t i o n  f l u x  t h r o u g h  t h e  c r y s t a l ,  
i t  was n o t  p o s s i b l e  t o  make a b s o l u t e  m easurem ents  o f  
i n t e n s i t y  o f  e m i s s i o n .  The d i s t r i b u t i o n s  were 
t h e r e f o r e  p l o t t e d  on an a r b i t r a r y  s c a l e ,  t a k i n g  t h e  
peak  i n t e n s i t y  o f  e m i s s io n  a s  100 i n  each  c a s e .
( b )  E x p e r im e n ta l  R e s u l t s  and D i s c u s s i o n :
R e s u l t s  a r e  shown i n  f i g u r e  62 f o r  t h e  f o u r  
lu m in o p h o rs  s t u d i e d .  I t  w i l l  be seen  t h a t  ca lc iu m  
t u n g s t a t e  and a n t h r a c e n e  em it  a lm o s t  e n t i r e l y  i n  t h e  
v i s i b l e  r e g i o n ,  b u t  t h a t  t h e  e m is s io n  o f  t h e  a l k a l i -  
h a l i d e  lu m in o p h o r s  e x t e n d s  i n t o  t h e  n e a r  u l t r a ­
v i o l e t .  Only i n  t h e  c a se  o f  t h e  l a t t e r  lu m in o p h o rs  
t h e r e f o r e ,  would any ad v a n tag e  be g a i n e d  from t h e  
u s e  o f  a  p h o t o - m u l t i p l i e r  t u b e  w i th  a  q u a r t z  
e n v e l o p e .
The form  o f  t h e  d i s t r i b u t i o n s  f o r  c a lc iu m  t u n g s t a t e  
and a n t h r a c e n e  a g r e e  w e l l  w i t h  t h o s e  a l r e a d y  r e p o r t e d  
by K rb g e r  (1948)  and G a r l i c k  (1 9 4 9 0 .  S p e c t r a l  d i s t r i ­
b u t i o n s  f o r  t h a l l i u m - a c t i v a t e d  p o ta s s iu m  and sodium
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i o d i d e  have n o t  been p u b l i s h e d ,  b u t  H o f s t a d t e r  
h as  r e p o r t e d  t h a t  j the  d i s t r i b u t i o n s  o f  t h e s e
t>
lu m in o p h o re  show maxima a t  4100 k  ( s e e  T ab le  I I ) .
7 .  COMPARATIVE STUDIES ON LUMINESCENCE INDUCED 
IN LIQUID LUMINOPHORS BY C-AMMA-RAEIATION .
( a )  I n t r o d u c t i o n :
One o f  t h e  l i m i t i n g  f a c t o r s  i n  t h e  d e s ig n  o f  
p r a c t i c a l  s c i n t i l l a t i o n  c o u n t e r s  i s  t h e  d i f f i c u l t y  
i n  g rowing l a r g e  s i n g l e  c r y s t a l s  o f  lu m i n o p h o re .
For t h i s  r e a s o n ,  t h e  p o s s i b i l i t y  o f  u s i n g  a  l i q u i d  
l u m i n e s c e n t  medium c o n t a i n e d  i n  a  c e l l  o f  t h e  
r e q u i r e d  d im e n s io n s  h a s  been c o n s i d e r e d  by many 
w o r k e r s .  F o l lo w in g  t h e  r e p o r t  by A geno, C h i o z z o t to  
and Q u e r z o l i  (1 9 5 0 )  t h a t  s o l u t i o n s  o f  n a p h t h a l e n e  
i n  x y l e n e  s o l u t i o n  i r r a d i a t e d  by gamma-quanta 
showed a  weak lu m in e sc e n c e  many su ch  sy s tem s  have 
been i n v e s t i g a t e d .  Reynolds^ e t  a l  (1950)  showed 
t h a t  p - t e r p h e n y l  i n  x y lene  s o l u t i o n  had a  lu m in e s c e n t  
e f f i c i e n c y  one h a l f  t h a t  o f  c r y s t a l l i n e  a n t h r a c e n e .
I n  a  co m prehens ive  s e r i e s  o f  i n v e s t i g a t i o n s ,  Kallmann 
and F u r s t  (19 5 0 )  compared t h e  e f f e c t s  o b se rv e d  i n  a
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v e ry  l a r g e  number o f  s o l u t i o n s  o f  o r g a n i c  
compounds, p o i n t i n g  ou t  t h a t  t h e  e m is s io n  o f  
l i g h t  i n  such  sy s tem s  c o u ld  o n ly  be e x p l a i n e d  
by a  t r a n s p o r t  o f  e x c i t a t i o n  en e rg y  between t h e  
s o l v e n t  m o l e c u l e s  and t h o s e  o f  t h e  f l u o r e s c e n t  
s u b s t a n c e •
I n  e x p e r i m e n t s  s i m i l a r  t o  t h o s e  o f  Kallmann 
and F u r s t , a  l a r g e  number o f  l i q u i d  sys tem s  was 
a l s o  examined by t h e  a u t h o r  f o r  lu m in e sc en ce  u n d e r  
g a m m a - i r r a d i a t i o n . The r e s u l t s  o f  t h e s e  
e x p e r i m e n t s  a r e  r e p o r t e d  be low .
(b )  Methods o f  Measurement:
The e x p e r i m e n t a l  a r ran g em en t  adop ted  f o r  
t h e s e  i n v e s t i g a t i o n s  was t h a t  shown i n  f i g u r e  
13 ( i n s e t  C ) .  The u n co o le d  p h o t o - m u l t i p l i e r  
t u b e  was mounted h o r i z o n t a l l y ,  and a  t h i n  
c y l i n d r i c a l  g l a s s  p h i a l ,  5 cm. l o n g  and 1 .5  cm. 
i n  d i a m e t e r ,  c o n t a i n i n g  a  1 m l .  sample o f  t h e  
l i q u i d  t o  be t e s t e d  was i n t r o d u c e d  i n t o  t h e  s id e  
t u b e .  The l a t t e r  was c l o s e d  by a  l i g h t  t i g h t  
c a p , on to p  o f  which  was p l a c e d  a  m e ta l  d i s c  
so u rc e  o f  c o b a l t c o n t a i n i n g  a p p r o x im a te l y  1 . 5  
m i l l i c u r i e s  o f  a c t i v i t y .  The p h o t o - m u l t i p l i e r
1 5 8
i n t e r - d y n o d e  p o t e n t i a l  was 108 v o l t s .  The a m p l i f i e r  
was o p e r a t e d  a t  an a t t e n u a t i o n  o f  20 dB, C o u n t in g  
r a t e s  were o b ae rv e d  i n  t h e  r a t e m e t e r ,  t h e  p u l s e  
d i s c r i m i n a t o r  c o n t r o l  b e in g  s e t  a t  10 v o l t s  and t h e  
r e s o l v i n g  t im e  a t  100 m ic ro s e c o n d s .
â  " f i g u r e  o f  merit*" was a s s i g n e d  t o  each  l i q u i d  
t e s t e d  t h i s  b e in g  t h e  c o u n t i n g  r a t e  i n  coun t  s / s e c o n d  
o b s e rv e d  w i t h  a 1 m l .  sample measured  i n  t h e  manner 
d e s c r i b e d  a b o v e ,  and c o r r e c t e d  f o r  c o u n t in g  l o s s e s  
i n  t h e  r a t e m e t e r  and f o r  background  e f f e c t s  i n  t h e  
g l a s s  p h i a l  and t h e  p h o t o - m u l t i p l i e r .  S in ce  i t  was 
t h e  number o f  s c i n t i l l a t i o n s  p e r  s e c o n d ,  and n o t  t h e  
t o t a l  i n t e n s i t y  o f  e m i t t e d  l i g h t  which  was m e asu red ,  t h i s  
" f i g u r e  o f  m e r i t "  was n o t  n e c e s s a r i l y  l i n e a r l y  p r o p o r ­
t i o n a l  t o  t h e  lu m i n e s c e n t  e f f i c i e n c y  o f  t h e  medium, 
t h e  r e l a t i o n s h i p  between t h e s e  two q u a n t i t i e s  d ep e n d in g  
on t h e  form o f  t h e  cu rv e  o f  c o u n t i n g  r a t e  a s  a  f u n c t i o n  
o f  p u l s e  a m p l i t u d e .
The m easurem en ts  expended o v e r  a  p e r i o d  o f  no more 
t h a n  s i x  weeks;  no c o r r e c t i o n s  were t h u s  n e c e s s a r y  f o r  
r a d i o - a c t i v e  d ecay  o f  t h e  c o b a l t ^ ^  s o u r c e , t h e  
a c t i v i t y  o f  which  changed by l e s s  t h a n ‘„ l* 5 ^  d u r i n g  t h i s  
p e r i o d .
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( c )  E x p e r im e n ta l  R e s u l t s ;
M l  t h e  p u re  l i q u i d s  s t u d i e d ,  i n c l u d i n g  p u r e  
d i s t i l l e d  w a t e r ,  showed a  s l i g h t  bu t  m e a su re a b le  
lu m in e s c e n c e  u n d e r  g a m m a - i r r a d i a t i o n .  The m agn i tude  
o f  t h i s  e f f e c t  v a r i e d  o n ly  s l i g h t l y  o v e r  a  wide r a n g e  
o f  c o l o u r l e s s  l i q u i d s ,  and co u ld  n o t  e a s i l y  be r e l a t e d  
t o  t h e i r  c h e m ic a l  c o n s t i t u t i o n  and p h y s i c a l  p r o p e r t i e s .  
T a b le  XV III  l i s t s  e x p e r i m e n t a l  v a l u e s  f o r  t h e  f i g u r e s  
o f  m e r i t  o f  a  number o f  t h e s e  p u re  s o l v e n t s .
T a b le  XVIII  
F i g u r e s  o f  M e r i t  o f  P u re  L i q u i d s .
L i q u i d  F ig u r e  o f  M e r i t .
Benzene 910
X ylene  910
Water  ( d i s t i l l e d )  620
W ater  + sodium c a r b o n a t e  (10 g m / l i t r e )  640
D i - e t h y l  e t h e r  430
Acetone  420
The b e h a v io u r  o f  o r g a n i c  lu m in o p h o rs  i n
s o l u t i o n  was found  t o  be v e r y  s t r o n g l y  i n f l u e n c e d
by t h e  c h o i c e  o f  s o l v e n t .  T h i s  i s  w e l l  i l l u s t r a t e d  
by t h e  e x p e r i m e n t a l  r e s u l t s  shown i n  f i g u r e  63 ,  where
t h e  f i g u r e s  o f  m e r i t  o f  s o l u t i o n s  o f  p —t e r p h e n y l  i n
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v a r i o u s  s o l v e n t s  a r e  p l o t t e d  a s  a  f u n c t i o n  o f  
c o n c e n t r a t i o n  o f  s o l u t e .  T h e re  i s  s een  t o  be 
l i t t l e  d i f f e r e n c e  i n  b e h a v io u r  between  s o l u t i o n s  
o f  t h i s  s u b s t a n c e  i n  benzene o r  x y l e n e .  I n  p -  
d io x a n e  how ever ,  t h e  f i g u r e  o f  m e r i t  i s  c o n s i d e r a b l y  
r e d u c e d ;  w h i l e  i n  d i e t h y 1 - e t h e r  t h e  lu m in esc en ce  i s  
a lm o s t  c o m p l e t e l y  s u p p r e s s e d .  I n  a c e to n e  s o l u t i o n ,  
t h e r e  i s  no e v id e n c e  w h a te v e r  o f  lu m in e s c e n t  e m is s io n  
due t o  p - t e r p h e n y l .
For  c o m p a r a t iv e  s t u d i e s  o f  v a r i o u s  lu m in o p h o re ,  
benzene  was ch o sen  a s  s o l v e n t , f i r s t l y  becau se  
s o l u b i l i t i e s  were i n  g e n e r a l  g r e a t e r  i n  t h i s  l i q u i d  
t h a n  i n  t o l u e n e  o r  x y l e n e ,  and s e c o n d ly  because  i t  
was r e a d i l y  a v a i l a b l e  i n  a  h i g h l y  p u r i f i e d  s t a t e .  
’’»ANALAR’* t h i o p h e n e - f r e e  benzene  was u se d  t h r o u g h o u t  
t h e s e  s t u d i e s ,  a l t h o u g h  no s i g n i f i c a n t  change i n  
t h e  o b s e rv e d  f i g u r e s  o f  m e r i t  r e s u l t e d  from t h e  u s e  
o f  t h e  c r y s t a l l i s a b l e "  g rad e  o f  t h e  s o l v e n t .  R e s u l t s  
i n  x y le n e  s o l u t i o n ,  on t h e  o t h e r  h a n d ,  were found  t o  
be g r e a t l y  i n f l u e n c e d  by t h e  i s o m e r i c  c o m p o s i t io n  and 
s t a t e  o f  p u r i t y  o f  t h e  s o l v e n t .
The r e l a t i o n s h i p  between f i g u r e  o f  m e r i t  and
c o n c e n t r a t i o n  o f  s o l u t e  was s t u d i e d  f o r  a  l a r g e
il
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number o f  o r g a n i c  l u m in o p h o r s  i n  benzene  s o l u t i o n .
Some r e s u l t s  t y p i c a l  o f  t h e s e  s t u d i e s  a r e  sum m arised  
i n  f i g u r e s  6 4 ,  65 and 66 .  The s u b s t a n c e s  s t u d i e d  
c o u l d  be d i v i d e d  i n t o  two g r o u p s  a c c o r d i n g  t o  
b e h a v i o u r .  I n  t h e  f i r s t ,  e x e m p l i f i e d  by n a p h t h a l e n e , 
ro - t e r g h e n y l ,  p - t e r p h e n y l ,  and - d i n a p h t h y l ,
t h e  f i g u r e s  o f  m e r i t  i n c r e a s e d  c o n t i n u o u s l y  up t o  t h e  
s a t u r a t i o n  c o n c e n t r a t i o n  o f  t h e  s o l u t e .  I n  t h e  
s e c o n d ,  e x e m p l i f i e d  by a n t h r a c e n e ,  d  -  a n d /3  - n a p h t h o i , 
and  d  -  and - n a p h t hy l a m i n e , t h e  f i g u r e s  o f  m e r i t
r o s e  i n i t i a l l y ,  b u t  p a s s e d  t h r o u g h  a  maximum a t  an 
optimum c o n c e n t r a t i o n  o f  s o l u t e ,  f a l l i n g  a t  h i g h e r  
c o n c e n t r a t i o n s .  I t  w i l l  be o b s e rv e d  t h a t  t h e  u n s u b ­
s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  s t u d i e d ,  w i t h  t h e  
e x c e p t i o n  o f  a n t h r a c e n e ,  f a l l  i n t o  t h e  f i r s t  g r o u p ,  
w h e r e a s  compounds w i t h  a  s u b s t i t u e n t  g ro u p  i n  t h e  
a r o m a t i c  n u c l e u s  a r e  c l a s s i f i e d  i n  t h e  s e c o n d .
But t h e  e x p e r i m e n t a l  r e s u l t s  show t h a t  t h e  
v a r i a t i o n  o f  f i g u r e  o f  m e r i t  w i t h  c o n c e n t r a t i o n  may 
be p r o f o u n d l y  i n f l u e n c e d  by t h e  d e g r e e  o f  p u r i t y  o f  
t h e  s o l u t e .  T h i s  i s  w e l l  shown by t h e  d a t a  o f  
f i g u r e  6 6 ,  i n  w hich  t h e  c u r v e  o f  f i g u r e  o f  m e r i t  a s  
a  f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  a  com m erc ia l  sam ple
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o f  /3 - n a p h t h y l a m i n e  i s  compared  w i t h  t h a t  f o r  a  
h i g h l y  p u r i f i e d  sam ple  o f  t h e  compound. I n  v iew  
o f  t h e s e  r e s u l t s ,  a l l  t h e  l u m i n o p h o r s  s t u d i e d ,  
r e g a r d l e s s  o f  t h e i r  o r i g i n ,  were f i r s t  p u r i f i e d  
by a  s i n g l e  r e c r y s t a l l i s a t i o n  f rom  b e n z e n e ;  i f  
t h i s  p r o c e s s  p r o d u c e d  a  s i g n i f i c a n t  change i n  t h e  
o b s e r v e d  f i g u r e  o f  m e r i t  f o r  a  s a t u r a t e d  s o l u t i o n ,  
a  seco n d  r e c r y s t a l l i s a t i o n  f rom  b en z en e  was 
c a r r i e d  o u t .
T a b l e  JCIX su m m ar ise s  t h e  b e h a v i o u r  o f  some 
o f  t h e  s y s t e m s  i n v e s t i g a t e d . The h i g h e s t  e f f i c i e n c y
was o b t a i n e d  f rom  a  s a t u r a t e d  s o l u t i o n  o f  - d i n a p h t h y l  
i n  b en zen e  ; s u c h  a  s o l u t i o n  h a s  a  f i g u r e  o f  m e r i t  r a t h e r  
h i g h e r  t h a n  t h a t  o f  p - t e r p h e n y l  i n  x y l e n e  o r  i n  
b e n z e n e ,  t h e  b e s t  sys tem  p r e v i o u s l y  r e p o r t e d .  More 
r e c e n t  e x p e r i m e n t s  have  shown t h a t  by t h e  u s e  o f  
t e r n a r y  s y s t e m s  i n c o r p o r a t i n g  - d i n a p h t h y l , s t i l l
h i g h e r  f i g u r e s  o f  m e r i t  may be r e a l i s e d .
The u s e  o f  d a ^ ' - d i n a p h t h y l  i n  s o l u t i o n  a s  a  
l u m in o p h o r  f o r  s c i n t i l l a t i o n  c o u n t e r s  d o es  n o t  a p p e a r  
t o  have  b een  r e p o r t e d  e l s e w h e r e ,  a l t h o u g h  P r i c h o t k o  
and S h a b a l d a s  (1 9 4 1 )  have s t u d i e d  t h e  e m i s s i o n  
s p e c t ru m  o f  t h i s  compound u n d e r  u l t r a - v i o l e t
e x c i t a t i o n .
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T a b l e  XIX
F ig m re s  o f  M e r i t  o f  L i q u i d  l u m i n o p h o r s .
System Optimum 
C o n c e n t r a t i o n  
o f  s o l u t e  
( g m . / l i t r e )
F i g u r e  o f  
m e r i t  a t  
o p t  imum
c o n c e n t r a t i o n .
oLoL ^ -D i n a p  h t  h y l / b e n  zen e S a t u r a t  i o n 1 6 ,4 0 0
p - T e r p h e n y l / b e n z e n e S a t u r a t i o n 1 5 ,6 0 0
ro - T e i ^ h e n y l / b e n z e n e S a t u r a t i o n 9 ,4 0 0
P h e n y l  - n a p h t h y l e t h y l e n e /
benzene
- N a p h th y l a r a i n e / b e n z e n e
2 . 7
5 . 0
6 ,7 0 0
5 ,9 5 0
d  -N ap h t  h y l  am i n  e / b e n  zene 2 . 8 5 ,0 5 0
D in ap  h t  h y l / b e n  zene 6 . 0 3 ,9 0 0
- D i n a p h t h y l e t h a n e /
‘ ' b en zen e
S a t u r a t i o n 3 ,2 0 0
1 . 3 . 5 *  T r i p h e n y l b e n z e n e /
benzene
S a t u r a t i o n 2 ,5 0 0
s
/S -N a p h t  h o i / b e n  zene 1 . 5
I
2 ,2 0 0
Ji - N a p h t h o l / b e n z e n e 2 . 5 1 , 7 0 0
N a p h t h a l e n e / b e n z e n e S a t u r a t i o n 1 , 4 6 0
A n t h r a c e n e / b e n z e n e 2 . 2 1 , 4 6 0
( d )  D i s c u s s i o n ;
The e x p e r i m e n t a l  r e s u l t s  f o r  p u r e  l i q u i d s  a r e
s i m i l a r  t o  t h o s e  o f  K al lm ann  and F u r s t  ( 1 9 5 0 ) .
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T h e s e  w o r k e r s  a t t r i b u t e d  t h e  o b s e r v e d  e f f e c t s  t o  
t h e  p r e s e n c e  o f  v e r y  s m a l l  am ounts  o f  f l u o r e s c e n t  
m a t e r i a l s  p r e s e n t  i n  t h e  l i q u i d s  a s  i m p u r i t i e s .
T h e i r  h y p o t h e s i s  would seem , h o w ev e r ,  t o  be i n v a l ­
i d a t e d  by t h e  o b s e r v a t i o n  t h a t  t h e  f i g u r e  o f  m e r i t  
i s  o f  t h e  same o r d e r  f o r  a  w ide  r a n g e  o f  c o l o u r l e s s  
l i q u i d s ,  and  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 
p r o g r e s s i v e  p u r i f i c a t i o n  ( f o r  e x a m p le ,  i n  w a t e r  o r  
i n  b en zen e  ) .
S t u d i e s  t o  be d e s c r i b e d  i n  a  l a t e r  s u b - s e c t i o n  
( s u b - s e c t i o n  I V . 9)  s u g g e s t  t h a t  t h e s e  e f f e c t s  may 
be s a t i s f a c t o r i l y  e x p l a i n e d  i n  t e r m s  o f  t h e  2 e r e n k o v  
e f f e c t ,  and a r e  t h e r e f o r e  d e p e n d e n t  n e i t h e r  on t h e  
c h e m ic a l  c o m p o s i t i o n  o f  t h e  l i q u i d s  n o r  on t h e i r  
p h y s i c a l  p r o p e r t i e s ,  e x c e p t  d e n s i t y  and t r a n s m i s s i b i l i t y  
t o  l i g h t .
The r e s u l t s  f o r  s o l u t i o n s  o f  o r g a n i c  l u m i n o p h o r s  
a r e  i n  g e n e r a l ,  ag reem en t  w i t h  t h o s e  o f  A g eno ,
C h i o z z o t t o  and Q u e r z o l i  ( 1 9 4 9 ) ,  R e y n o ld s  e t  a l .  ( 1 9 5 0 ) ,  
and K allm ann  and F u r s t  ( 1 9 5 0 ) ,  t a k i n g  i n t o  a c c o u n t  
t h e  d i f f e r e n t  e x p e r i m e n t a l  a r r a n g e m e n t s  u s e d .  I t
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i s  o f  i n t e r e s t ,  h o w ev e r ,  t o  r e c o r d  t h a t  K al lm ann 
and F u r s t  o b s e r v e d  maxima i n  t h e  c u r v e s  o f  r e l a t i v e  
i n t e n s i t y  o f  e m i t t e d  l i g h t  a s  a  f u n c t i o n  o f  co n c en ­
t r a t i o n  o f  s o l u t e ,  f o r  a l l  t h e  s y s t e m s  which  t h e y  
s t u d i e d ,  i n c l u d i n g  n a p h t h a l e n e  i n  b en zen e  (maximum 
a t  3 g m s . / l i t r e ) ,  n a p h t h a l e n e  i n  x y l e n e  (maximum a t  
12 g m s . / l i t r e ) ,  and p - t e r p h e n y l  i n  benzene  (maximum 
a t  4 . 5  g m s . / l i t r e ) .  T h ese  o b s e r v a t i o n s  a r e  c o n t r a r y  
t o  t h o s e  o f  t h e  a u t h o r  w h ich  i n d i c a t e  a  c o n t i n u o u s  
i n c r e a s e  i n  f i g u r e  o f  m e r i t  up t o  s a t u r a t i o n  c o n c e n ­
t r a t i o n  o f  t h e s e  s y s t e m s .  Ageno e t  a l .  (1 9 5 0 )  a l s o  
r e p o r t  a  c o n t i n u o u s  i n c r e a s e  i n  l u m i n e s c e n t  i n t e n s i t y  
f o r  n a p h t h a l e n e  i n  x y l e n e .
The t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  t h e  o b s e rv e d  
v a r i a t i o n  i n  l u m i n e s c e n t  e f f i c i e n c y  w i t h  c o n c e n t r a t i o n  
o f  s o l u t e  h a s  b een  d i s c u s s e d  i n  d e t a i l  by Kallm ann and 
F u r s t  ( 1 9 5 0 ) .  They showed t h a t  t h e i r  e x p e r i m e n t a l  
r e s u l t s  c o u l d  be e x p l a i n e d  q u a l i t a t i v e l y  i n  t e r m s  o f  
t h e  f o l l o w i n g  c o m p e t i t i v e  p r o c e s s e s : -
( i )  A b s o r p t i o n  o f  i n c i d e n t  e n e r g y  i n  s o l v e n t  
m o l e c u l e s  w i t h  t h e  p r o d u c t i o n  o f  e x c i t e d  
s o l v e n t  m o l e c u l e s .
( i i )  Q u en c h in g  o f  e x c i t a t i o n  e n e rg y  o f  s o l v e n t  
m o l e c u l e s  by c o n v e r s i o n  i n t o  h e a t .
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( i i i )  T r a n s p o r t  o f  e x c i t a t i o n  e n e r g y  f rom  
s o l v e n t  t o  s o l u t e  m o l e c u l e s .
( i v )  Q uench ing  o f  e x c i t a t i o n  e n e r g y  o f  
s o l u t e  m o l e c u l e s  by i n t e r n a l  c o n v e r s i o n  
o r  by i n t e r a c t i o n  w i t h  s o l v e n t ,
( d e s c r i b e d  a s  " i n t e r n a l  q u e n c h i n g " . )
( v )  Q u en ch in g  o f  e x c i t a t i o n  e n e rg y  o f  s o l u t e  
m o l e c u l e s  by i n t e r a c t i o n  w i t h  o t h e r  
s o l u t e  m o l e c u l e s ,  o r  w i t h  m o l e c u l e s  o f  
i m p u r i t i e s  p r e s e n t  i n  t h e  s o l u t e ,
( d e s c r i b e d  a s  " s e l f - q u e n c h i n g " . )
( v i )  E m i s s i o n  o f  l i g h t  by s o l u t e  m o l e c u l e s .
At h i g h  c o n c e n t r a t i o n s  o f  s o l u t e ,  a  s e v e n t h  p r o c e s s  
must  a l s o  be c o n s i d e r e d ,  i n  a d d i t i o n  t o  p r o c e s s  ( i i i ) 
a s  a  s o u r c e  o f  e x c i t e d  s o l u t e  m o l e c u l e s : -
( v i i )  A b s o r p t i o n  o f  i n c i d e n t  e n e r g y  i n  s o l u t e  
m o l e c u l e s .
Only i n  t h e  c a s e  o f  p r o c e s s e s  ( i i i ) and (v) d o e s  
t h e  p r o b a b i l i t y  o f  t h e  r e a c t i o n  dep en d  on t h e  c o n c e n ­
t r a t i o n  o f  t h e  s o l u t e .  The q u e n c h in g  p r o c e s s e s  
( i v )  and ( v )  may o c c u r  i n  two q u i t e  d i s t i n c t  w ay s .  
F i r s t l y ,  t h e r e  may be a  d i r e c t  t r a n s f e r  o f  e n e rg y  
f ro m  t h e  e x c i t e d  m o le c u l e  t o  a  q u e n c h in g  m o l e c u l e  i n  
i t s  im m ed ia te  v i c i n i t y .  T h e p r o b a b i l i t y  o f  s u c h  a
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t r a n s f e r  o c c u r r i n g  w i l l  n o t  be g r e a t l y  d e p e n d e n t  
on t h e  volume o f  t h e  l i q u i d  and sh a p e  o f  t h e  
c o n t a i n i n g  v e s s e l .  S e c o n d l y ,  l i g h t  may be e m i t t e d  
by t h e  e x c i t e d  m o l e c u l e  o n l y  t o  be r e a b s o r b e d  by a  
q u e n c h in g  m o le c u l e  w h ich  may be f a r  removed f rom  
t h e  o h g i n a l  e x c i t e d  m o l e c u l e .  T h i s  p r o c e s s  may 
be p r o f o u n d l y  i n f l u e n c e d  by t h e  shape  and s i z e  o f  
t h e  s y s t e m .
On t h i s  t h e o r y ,  t h e  i n i t i a l  s h a r p  r i s e  i n  
l u m i n e s c e n t  e f f i c i e n c y  w i t h  c o n c e n t r a t i o n  i s  
e x p l a i n e d  by t h e  dom inance  o f  p r o c e s s  ( i i i ) ;  i n  
t h i s  r e g i o n , t h e  c u r v e  o f  e f f i c i e n c y  a s  a  f u n c t i o n  
o f  c o n c e n t r a t i o n  s h o u l d  be l i n e a r .  At medium 
s o l u t e  c o n c e n t r a t i o n s ,  t h e  e f f i c i e n c y  t e n d s  t o w a r d s  
a  maximum v a l u e ,  w h ic h  i s  r e a c h e d  when a l l  t h e  
a v a i l a b l e  e n e rg y  i n  t h e  s o l v e n t  i s  b e i n g  t r a n s p o r t e d  
t o  s o l u t e  m o l e c u l e s .  At s t i l l  h i g h e r  c o n c e n t r a t i o n s ,  
s e l f - q u e n c h i n g  e f f e c t s  become i m p o r t a n t ,  and c a u s e  
t h e  l u m i n e s c e n t  e f f i c i e n c y  t o  f a l l .
B ecause  o f  t h e  d i s c r e p a n c y  r e f e r r e d  t o  above 
b e tw een  t h e  e x p e r i m e n t a l  r e s u l t s  o f  K a l lm an n  and 
F u r s t  and t h o s e  o f  Ageno cet a l ‘. and o f  t h e  a u t h o r  i t
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i s  o f  i n t e r e s t  t o  c o n s i d e r  t h e s e  s e l f - q u e n c h i n g  
e f f e c t s  i n  g r e a t e r  d e t a i l .  Two e x p l a n a t i o n s  a r e  
s u g g e s t e d .  The f i r s t  i s  t h e  p o s s i b l e  u s e  by 
K a l lm an n  and  F u r s t  o f  s a m p le s  o f  lu m in o p h o rs  
c o n t a i n i n g  s m a l l  am ounts  o f  i m p u r i t i e s .  The s e c o n d ,  
and  more p r o b a b l e ,  e x p l a n a t i o n  a r i s e s  f rom  t h e  f a c t  
t h a t  t h e s e  w o rk e r s  u s e d  a  t y p e  I  P  28 p h o t o - m u l t i p l i e r  
a s  d e t e c t o r ,  w h e re a s  Ageno e t  a l .  and t h e  a u t h o r  u s e d  
a  t y p e  I  P 21 t u b e .  S in c e  t h e  f o r m e r  i s  s e n s i t i v e  . 
t o  r a d i a t i o n  i n  t h e  n e a r  u l t r a - v i o l e t ,  w h i l e  t h e  
l a t t e r  i s  n o t  s o ,  t h e  o b s e r v e d  e f f e c t s  c o u l d  be e x ­
p l a i n e d  i n  t e r m s  o f  t h e  s e l f - q u e n c h i n g  o f  l i g h t
e m i t t e d  i n  t h i s  p p r t i o n ^ o f  t h e  s p e c t r u m .  I n  o t h e r  
w o r d s ,  l i g h t  e m i t t e d  i n  t h i s  s p e c t r a l  r e g i o n  may be 
r e a b s o r b e d  by o t h e r  s o l u t e  m o l e c u l e s ,  t h e  i m p o r t a n c e  
o f  t h e  e f f e c t  i n c r e a s i n g  w i t h  c o n c e n t r a t i o n .  As 
b o t h  n a p h t h a l e n e  and p - t e r p h e n y l  a r e  known t o  em i t  
i n  t h e  u l t r a - v i o l e t , t h e r e  i s  good r e a s o n  t o  a c c e p t  
t h i s  e x p l a n a t i o n ,  and i n  t h e  c a s e  o f  n a p h t h a l e n e  
f u r t h e r  e v i d e n c e  i n  i t s  s u p p o r t  may be adduced  from  
t h e  p u b l i s h e d  d a t a  o f  P r i n g s h e i m  ( 1 9 4 9 ) .  P r in g s h e im  
shows t h a t  t h e  e m i s s i o n  o f  n a p h t h a l e n e  i n  s o l u t i o n
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e x t e n d s  f ro m  3000 -  3650 A, w h e re a s  t h e  l o n g  wave
o
l i m i t  o f  i t s  a b s o r p t i o n  s p e c t r u m  i s  a t  3300 A 
a p p r o x i m a t e l y .
W i th o u t  g i v i n g  a  d e t a i l e d  a c c o u n t  o f  t h e  p r e c i s e  
m echan ism s  by w h ich  t h e  p r o c e s s e s  o f  e n e rg y  t r a n s ­
p o r t  , q u e n c h i n g ,  and e m i s s i o n  t a k e  p l a c e ,  a  t h e o r e t i c a l  
a n a l y s i s  o f  t h e  d a t a  o f  f i g u r e s  64 -  66 i s  p o s s i b l e  
i n  t e r m s  o f  a  g e n e r a l  t h e o r y  o f  l u m i n e s c e n t  e m i s s i o n  
r e c e n t l y  d e v e l o p e d  by J o h n s o n  and W i l l i a m s  ( 1 9 5 0 a ) .  
T hese  w o r k e r s  showed t h a t  t h e  l u m i n e s c e n t  e f f i c i e n c y  
^  o f  any  sy s te m  e i t h e r  s o l i d  o r  l i q u i d ,  c o n s i s t i n g  
o f  e m i s s i o n  c e n t r e s  r an d o m ly  d i s t r i b u t e d  i n  a  m a t r i x  
c o u l d  be r e p r e s e n t e d  by an e x p r e s s i o n  o f  t h e  f o r m : -
O  - t -  — X  I -  c z  )
w here  C i s  t h e  m o l e c u l a r  c o n c e n t r a t i o n  o f  e m i s s i o n  
c e n t r e s
t h e  r a t i o  o f  t h e  p r o b a b i l i t y  o f  
p r o c e s s e s  o f  t y p e  ( i i )  above t o  t h a t  
o f  t y p e  ( i i i )
2  i s  a  p a r a m e t e r  r e p r e s e n t i n g  s e l f  q u e n c h i n g ,  
and c o r r e s p o n d s  t o  t h e  mean number o f
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p o s i t i o n s  s u r r o u n d i n g  a  g i v e n  e m i s s i o n  
c e n t r e  w h ic h ,  i f  o c c u p i e d  by a  second  
e m i s s i o n  c e n t r e ,  q u en ch  l u m i n e s c e n c e .  
E x p r e s s i o n  4 . 7 .  a s sum es  t h a t  p r o c e s s  ( v i i )  i s  
n e g l i g i b l e . T h i s  a s s u m p t i o n  i s  n o t  v a l i d  a t  
h i g h  c o n c e n t r a t i o n s  o f  s o l u t e  o r  a c t i v a t o r ,  and in  
s y s t e m s  w here  s e l f  q u e n c h in g  i s  n e g l i g i b l e  t h e  
e f f i c i e n c y  a t  h i g h  c o n c e n t r a t i o n s  must be e x p re s s e d  
a s  a  l i n e a r  c o m b i n a t i o n  o f  t h e  e f f i c i e n c i e s  o f  th e  
two e x c i t a t i o n  m echan ism s ( i i i )  and ( v i i ) ; -
9 '  j. 7,  + ( I -  [. ) 9^ ’ 4 .8 .
I f  K i s  t h e  r a t i o  o f  t h e  c a p t u r e  c r o s s - s e c t i o n s  
i n  s o l u t e  and s o l v e n t ,  e q u a t i o n  4 . 8 .  b e c o m e s : -
7 CKL C(K- f) I k . +
-  C c
C ( i_o)rr' '
4 . 9 .
c(K-i)-h f
w here  k  i s  a  c o n s t a n t  d e t e r m i n e d  by t h e  r e l a t i v e  
p r o b a b i l i t i e s  o f  p r o c e s s e s  ( i v )  and ( v i ) ,  and  o f
( i i i )  and ( v i i ) .
F i g u r e s  68 and 69 show c a l c u l a t e d  c u r v e s  
d e r i v e d  f rom  e x p r e s s i o n  4 . 7 .  a s su m in g  v a r i o u s  
v a l u e s  f o r  t h e  p a r a m e t e r s  and Z_ . The
c u r v e s  o f  f i g u r e  68 assume t h a t  no s e l f  q u e n c h in g
13
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o c c u r s  and t h a t  Z = o  , t h o s e  o f  f i g u r e  69 
a r e  f o r  = 0 .0 0 0 4  and v a r i o u s  d e g r e e s  o f  
s e l f  q u e n c h i n g .
A d i r e c t  c o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  
c u r v e s  o f  f i g u r e s  68 and 69 w i t h  t h o s e  o f  
f i g u r e s  64 and 66 i s  n o t  p o s s i b l e  b e c a u s e  
t h e  f o r m e r  a r e  n o t  c u r v e s  o f  t r u e  l u m i n e s c e n t  
e f f i c i e n c y  b u t  c u r v e s  o f  f i g u r e  o f  m e r i t .  
However ,  by u s i n g  t h e  d a t a  o f  f i g u r e  67 t o  
c o n v e r t  v a l u e s  o f  f i g u r e  o f  m e r i t  i n t o  
l u m i n e s c e n t  e f f i c i e n c y , *  and e x p r e s s i n g  a l l  
c o n c e n t r a t i o n s  a s  gm. m o l e c u l e s  o f  s o l u t e / g m .  
m o le c u l e  o f  s o l v e n t ,  su c h  a  c o m p a r i s o n  can  be 
m ade,  and  a p p r o x im a te  v a l u e s  o f  t h e  p a r a m e t e r s
O ' I , and Z  a s s i g n e d  i n  e a c h  c a s e .  I n
f i g u r e  7 0 ,  t h i s  h a s  b een  done f o r  ^ - d i n a p h -  
t h y l  and fb /h ' - d i n a p h t h y l  i n  b e n z en e  s o l u t i o n .
I n  T a b l e  XX, t h e  r e s u l t s  o f  a  number o f  
su c h  a n a l y s e s  a r e  p r e s e n t e d .
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T a b l e  XX.
Llum inescen t  E f f i c i e n c y  o f  L i q u i d  L u m in o p h o r s .
System Z
J- - N a p h t h o l / B e n z e n e 0 .0 0 0 4 + 0 .0 0 0 1 120 + 20
/3 - N a p h t h o l / B e n z e n e 120 + 20
cÀ - N a p h th y la m in e / B e n z e n e n - 90 + 15
/3 - N a p h th y la m in e  (C om m erc ia l , ) /
Benzene
60 + 15
/3 - N a p h th y la m in e  ( P u r i f i e d  ) /
Benzene
30 + 10
- d i N a p h t h y l / B e n z e n e mi 0 ±. 5
d iN ap h t  h y l / B e n  zen e II 150 i 30
Ÿ - T e r p h e n y l / B e n z e n e m 0 + 5
m - T e r p h e n y l / B e n z e n e It 0 + 5
.^ n th r a c e n e / B e n z e n e It 500 + 1 0 0
/A n th ra c e n e /X y le n e  * 0 .0 0 0 4 270
N a p h t h a l e n e / X y l e n e 0 .0 0 0 4 0
^ R e s u l t s  o f  J o h n s o n  and W i l l i a m s  ( 1 9 5 0 b ) .
The v a l u e s  o f  , and 2  f o r  n a p h t h a l e n e  and 
a n t h r a c e n e  i n  x y l e n e  o b t a i n e d  by Bohnson and 
W i l l i a m s  (1 950b)  f rom  an e x a m i n a t i o n  o f  t h e  
e x p e r i m e n t a l  d a t a  o f  Ageno e t  a l .  ( 1 9 4 9 )  and 
K al lm ann  and F u r s t  (1 9 5 0 )  have  b een  i n c l u d e d
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i n  t h e  t a b l e  f o r  c o m p a r i s o n .  B e c a u se  o f  u n c e r ­
t a i n t y  i n  t h e  c o n v e r s i o n  o f  f i g u r e  o f  m e r i t  i n t o  
t r u e  e f f i c i e n c y ,  t h e  d e r i v e d  v a l u e s  o f  t h e  p a r a ­
m e t e r s  a r e  s u b j e c t  t o  e r r o r s  o f  t h e  o r d e r  i n d i c a t e d .  
More a c c u r a t e  m e asu rem e n ts  would r e q u i r e  an 
e x p e r i m e n t a l  a r r a n g e m e n t  m e a s u r in g  t o t a l  i n t e n s i t y  
o f  e m i t t e d  l i g h t  r a t h e r  t h a n  s c i n t i l l a t i o n  r a t e .
The p a r a m e t e r  , i s  s e e n  t o  be c o n s t a n t  w i t h i n
t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r  f o r  a  g iv e n  s o l v e n t ,  
and i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  i n  benzene  and 
x y l e n e .
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8 .  MEASUREMENT OF ABSOLUTS COUNTING RATES IN LIQUID 
LUMINOPHORS.
( a ) Methods o f  M e a su re m e n t ;
M easu rem en ts  s i m i l a r  t o  t h o s e  a l r e a d y  d e s c r i b e d  
i n  s u b - s e c t i o n  I V . 3 .  on c r y s t a l l i n e  lu m in o p h o re  w ere  
made on s o l u t i o n s  o f  p - t e r p h e n y l  i n  benzene  c o n t a i n e d  
i n  q u a r t z  c e l l s  o f  known d i m e n s i o n s .  T hese  m e a s u re ­
m e n ts  were  made u s i n g  t h e  p h o t o - m u l t i p l i e r  c o o l e d  w i t h  
l i q u i d  n i t r o g e n ,  i n  c o n j u n c t i o n  w i t h  t h e  d e v i c e  shown 
i n  f i g u r e  1 3 ,  ( i n s e t  B ) .  The i n t e r - d y n o d e  p o t e n t i a l  
was a s  b e f o r e ,  108 v o l t s ,  t h e  a m p l i f i e r  was o p e r a t e d  
a t  f u l l ,  g a i n ,  and c o u n t i n g  r a t e s  were  m easu red  w i t h  
t h e  s c a l e r  o p e r a t i n g  a t  a  p u l s e  d i s c r i m i n a t i o n  o f  
5 v o l t s .
The l i q u i d  s a m p le s  were c o n t a i n e d  i n  c y l i n d r i c a l  
q u a r t z  c e l l s  o f  i n t e r n a l  d i a m e t e r  1 . 4  c m . ,  and w a l l  
t h i c k n e s s  2 mm. T h re e  su ch  c e l l s ,  h a v i n g  i n t e r n a l  
l e n g t h s  o f  1 c m . ,  2 cm . ,  and 4 cm. r e s p e c t i v e l y ,  
were a v a i l a b l e .  When p l a c e d  on t h e  p e r s p e x  k n i f e  
e d g e s  o f  t h e  l i g h t  g u id e  a s s e m b l y ,  t h e y  were c o a x i a l  
w i t h  t h e  l i g h t  g u i d e  i t s e l f .  F i l l i n g  w i t h  l i q u i d  
was a c c o m p l i s h e d  t h r o u g h  two s m a l l  s i d e  t u b e s  f u s e d  
i n t o  t h e  c y l i n d r i c a l  s u r f a c e  o f  e a c h  c e l l .
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M easu rem en ts  were c a r r i e d  o u t  a s  f o l l o w s : -  t h e  
b a c k g ro u n d  c o u n t i n g  r a t e  due t o  t h e  p h o t o - m u l t i p l i e r  
i n  t h e  a b s e n c e  o f  any  s o u r c e  o r  c e l l  w as  f i r s t  
m e a s u r e d .  & c e l l  f i l l e d  w i t h  p - t e r p h e n y l  s o l u t i o n  
was t h e n  p l a c e d  on t h e  k n i f e  e d g e s  and p u sh e d  back 
u n t i l  i t  was j u s t  i n  c o n t a c t  w i t h  t h e  end o f  t h e  
l i g h t - g u i d e .  The b a c k g ro u n d  r a t e  was t h e n  a g a i n  
m e a s u r e d .  & gamma-sour ce o f  known s t r e n g t h  was n e x t  
mounted  on t h e  o p t i c a l  b en c h  a t  a  s u i t a b l e  d i s t a n c e  
f rom  t h e  c e l l ,  and t h e  c o u n t i n g  r a t e  m e a s u r e d .  ' The 
c e l l  was w i th d raw n  s l i g h t l y ,  and a  d i s c  o f  b l a c k  
p a p e r ,  o f  d i a m e t e r  s l i g h t l y  more t h a n  t h e  maximum^ 
d i a m e t e r  o f  t h e  l i g h t - g u i d e  a s s e m b ly  was i n t r o d u c e d  
b e tw een  t h e  c e l l  and t h e  l i g h t - g u i d e .  C o u n t in g  
r a t e s  were  a g a i n  m easu red  w i t h  and w i t h o u t  t h e  s o u r c e  
i n  p o s i t i o n .  The c e l l  was t h e n  rem o v e d ,  e m p t ie d  o f  
s o l u t i o n ,  and r e p l a c e d ,  w hereupon  t h e  l a s t  f o u r  
m e a s u re m e n ts  were r e p e a t e d .  From t h e  m e asu red  
c o u n t i n g  r a t e s ,  c o r r e c t e d  f o r  t h e  f i n i t e  r e s o l v i n g  
t i m e  o f  t h e  s c a l e r ,  t h e  t r u e  maximum c o u n t i n g  r a t e  
due t o  s c i n t i l l a t i o n s  p r o d u c e d  i n  t h e  volume o f  
t h e  s o l u t i o n  c o u ld  be o b t a i n e d ,  c o r r e c t e d  f o r  
b a c k g ro u n d  e f f e c t s  and f o r  s c i n t i l l a t i o n s  p ro d u c e d  
i n  t h e  q u a r t z  w a l l s  o f  t h e  c e l l  and t h e  l i g h t  g u i d e .
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T h i s  s e e m in g l y  com plex  p r o c e d u r e  was n e c e s s a r y  
i n  o r d e r  t o  e l i m i n a t e  e r r o r s  due t o  t h e  s h i e l d i n g  
e f f e c t  o f  t h e  volume o f  l i q u i d  f i l l i n g  t h e  c e l l  
on t h e  l i g h t - g u i d e  and p h o t o - m u l t i p l i e r  t u b e ,  and 
t h e  l u m i n e s c e n c e  o f  t h e  empty c e l l  u n d e r  gamma- 
i r r a d i a t i o n .
From t h e  known s t r e n g t h  o f  t h e  s o u r c e  and 
i t s  d i s t a n c e  from  t h e  m i d - p o i n t  o f  t h e  c e l l ,  t h e  
c o u n t i n g  r a t e  a p p r o p r i a t e  t o  1 me. o f  a c t i v i t y
was t h u s  d e t e r m i n e d .  The r a t e  o f  p r o d u c t i o n  o f  
s e c o n d a r y  e l e c t r o n s  i n  t h e  medium c o r r e s p o n d i n g  
t o  t h i s  gam m a-f lux  was c a l c u l a t e d  i n  t h e  manner  
d e s c r i b e d  i n  s u b - s e c t i o n  I I . 2 .  u s i n g  l i n e a r  gamma- 
a b s o r p t i o n  c o e f f i c i e n t s  f o r  b e n z e n e  d e r i v e d  from  
f i g u r e  5* ( S i n c e  t h e  c o n c e n t r a t i o n  o f  - t e r p h e n y l
s o l u t i o n  u s e d  was o n ly  10 g m . / l i t r e  i t  i s  p e r m i s s i b l e  
t o  i g n o r e  t h e  e f f e c t  o f  t h e  s o l u t e  i n  t h i s  c a l c u l a ­
t i o n . )  No c o r r e c t i o n  was n e c e s s a r y  f o r  a b s o r p t i o n  
i n  t h e  c o p p e r  b e t a  f i l t e r ,  s i n c e  none  was u s e d ;  i t s  
f u n c t i o n  was f u l f i l l e d  by t h e  end w a l l  o f  t h e  q u a r t z  
c e l l .  An a p p r o p r i a t e  c o r r e c t i o n  was made f o r  gamma 
a b s o r p t i o n  i n  t h i s  w a l l .  The D u r a i  cap o f  t h e
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l i g h t - g u i d e  a s s e m b ly  was s u f f i c i e n t l y  t h i n  n o t  t o  
n e c e s s i t a t e  a  c o r r e c t i o n .
The v a l u e  o f  & , t h e  r a t i o  o f  t h e  o b s e r v e d  
maximum t r u e  c o u n t i n g  r a t e  t o  t h e  c a l c u l a t e d  r a t e  
o f  p r o d u c t i o n  o f  s e c o n d a r y  e l e c t r o n s  c o u l d  t h u s  
be o b t a i n e d .
( b )  E x p e r i m e n t a l  R e s u l t s ;
I n i t i a l  s t u d i e s  w ere  c o n c e r n e d  w i t h  i n v e s t i g a t i n g  
t h e  r e l a t i o n s h i p  b e tw een  o b s e r v e d  c o u n t i n g  r a t e  and 
s c a l e r  r e s o l v i n g  t i m e .  F i g u r e  71 su m m ar ises  t h e  
r e s u l t s  o b t a i n e d  w i t h  t h e  Z cm. c e l l  and a  c o b a l t
60
s o u r c e ;  no s i g n i f i c a n t  change  i n  t h e  r a t i o  6,  i s  
o b s e r v e d  o v e r  t h e  whole r a n g e  o f  r e s o l v i n g  t i m e s  
s t u d i e d ,  s u g g e s t i n g  t h a t  t h e  d e c a y  t i m e  o f  t h e  l u m i n o -  
p h o r  i s  v e r y  s h o r t  ( <  1 m i c r o s e c o n d ) .
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T a b l e  XXI
Maximum T ru e  C o u n t in g  R a t e s  i n  ^  - T e r p h e n y l  i n  
Ben z e n e  due  t o  1 m i l l i c u r i e  o f  v a r i o u s  R a d io ­
i s o t o p e s  a t  1 m e t r e .
1 cm. q u a r t z  c e l l .
O b se rv ed  C o u n t in g  C a l c u l a t e d  R a te
Sodium 24 
C o b a l t  60 
Bromine 82 
I o d i n e  131 
Gold 198
R a te  
C o u n t s / s e c o n d .
4 6 .9
3 9 .5
5 9 .1
2 2 . 5  
2 2 . 0
Of P r o d u c t i o n  
o f  s e c o n d a r y  
e l e c t r o n s ,  
e l e c t r o n / s e c o n d
36 .8
4 6 . 6
8 3 .1
1 3 0 .3
1 3 1 .4
£
1 . 2 8
0 . 8 4
0 . 7 1
0 . 1 7
0.17
5E
SB! a
i
179
T a b l e  XXI su m m ar ise s  t h e  r e s u l t s  o f  more 
d e t a i l e d  s t u d i e s  made a t  a  s c a l e r  r e s o l v i n g  t im e  
o f  100 m i c r o s e c o n d s  w i t h  t h e  1 cm. c e l l .  S i m i l a r  
m e a s u re m e n ts  were made w i t h  t h e  2 cm. and 4 cm. 
c e l l s ,  t h e  v a r i a t i o n  i n  w i t h  c e l l  t h i c k n e s s  
b e i n g  shown i n  f i g u r e  7 2 .  T hese  r e s u l t s  conform  
t o  t h e  same g e n e r a l  p a t t e r n  a s  h a s  been  e s t a b l i s h e d  
i n  s u b - s e c t i o n  I V . 3 .  f o r  c r y s t a l l i n e  l u m i n o p h o r s . 
The r a t i o  ^  f a l l s  w i t h  i n c r e a s i n g  t h i c k n e s s  o f  
t h e  l u m i n o p h o r ,  and w i t h  d e c r e a s i n g  gamma-ray 
e n e r g y .  However,  i t  w i l l  be s e e n  t h a t  i t s  v a l u e  
f o r  sod ium 24. r i s e s  s i g n i f i c a n t l y  above u n i t y  even  
t h o u g h  i t  h a s  a l r e a d y  been  e s t a b l i s h e d  t h a t  t h e  
d e c a y  t i m e  o f  t h e  lu m in o p h o r  i s  v e r y  s h o r t ,  so 
t h a t  t h e  p o s s i b i l i t y  o f  m u l t i p l e  c o u n t i n g  o f  
s e c o n d a r y  e l e c t r o n s  can  be d i s c o u n t e d .
. T h i s  a p p a r e n t  anomaly may be e x p l a i n e d  i n  
t e r m s  o f  t h e  s c a t t e r i n g  o f  g a m m a - r a d i a t i o n  and 
s e c o n d a r y  e l e c t r o n s  f rom t h e  q u a r t z  w a l l s  o f  t h e  
c e l l s  i n t o  t h e  s e n s i t i v e  volume o f  t h e  l u m i n o p h o r .  
An a c c u r a t e  c o r r e c t i o n  f o r  t h i s  e f f e c t  i s  d i f f i c u l t  
t o  make, b u t  i t s  a p p r o x im a te  m a g n i tu d e  can  be 
e s t i m a t e d  i n  t h e  f o l l o w i n g  w a y : -
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S in c e  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  s c a t t e r e d  
gam m a-quan ta  w i l l  be a b s o rb e d  i n  t h e  lu m i n o p h o r ,  
c o n s i d e r  f i r s t  o n l y  t h e  s e c o n d a r y  e l e c t r o n s  
c r o s s i n g  t h e  i n t e r f a c e .  I t  h a s  been  shown by 
S i n c l a i r  (1 9 5 0 )  t h a t  t h e  number o f  e l e c t r o n s  em erg in g  
p e r  s e co n d  from  t h e  s u r f a c e  o f  am i n f i n i t e  medium 
c o n t a i n i n g  a  u n i f o r m l y  d i s t r i b u t e d  r a d i o - a c t i v e  s o u r c e  
o f  m o n o e n e r g e t i c  b e t a - p a r t i c l e s  i s  g i v e n  by t h e  
f o r m u l a
Number o f  p a r t i c l e s  e s c a p i n g  R.N
p e r  cm .2 p e r  second  = 8 4 . 1 0 .
where  R = r a n g e  o f  e l e c t r o n s  i n  medium i n  cm.
N =! r a t e  o f  p r o d u c t i o n  o f  b e t a - p a r t i c l e s  
3
p e r  cm. o f  medium.
A p p ly in g  t h i s  g e n e r a l  f o r m u l a  t o  t h e  c a s e  o f  a  
c y l i n d r i c a l  c e l l ,  o f  t h i c k n e s s  g r e a t e r  t h a n  R ,  and
c o n s i d e r i n g  b o t h  t h e  end w a l l s  and c u rv e d  s u r f a c e : -
Number o f
I f o l i l l T  = -  2 T T r /  ) 4 . 1 1 .
p e r  se co n d  °
where  a  i n t e r n a l  r a d i u s  o f  c e l l
V) a  i n t e r n a l  l e n g t h  o f  c e l l .
S i n c l a i r * s  e x p r e s s i o n  a p p l i e s  p r o p e r l y  o n ly  
t o  a  r an d o m ,  n o n - d i r e c t i o n a l  e m i s s i o n  o f  m o n o e n e r g e t i c  
b e t a - p a r t i c l e s ,  w h i l e  i n  t h e  c a s e  o f  t h e  Compton
1 8 1
s c a t t e r i n g  o f  g am m a-q u an ta ,  t h e  r e c o i l  e l e c t r o n s  
a r e  e m i t t e d  m a i n l y  i n  t h e  f o r w a r d  d i r e c t i o n ,  and 
a r e  n o t  o f  c o u r s e  m o n o - e n e r g e t i c .  The e r r o r  due 
t o  t h e  f o r m e r  e f f e c t  w i l l  be s m a l l  when a v e ra g e d  
o v e r  t h e  whole  c e l l . F o r  t h e  n o n -h o m o g e n e i ty  o f  
t h e  e l e c t r o n s ,  i t  i s  more d i f f i c u l t  t o  c o r r e c t ,  
b u t  an a p p r o x im a te  a p p l i c a t i o n  o f  S i n c l a i r ’ s 
e q u a t i o n  t o  t h e  p ro b lem  i s  p o s s i b l e  i f  i t  i s  
assum ed t h a t  t h e  s e c o n d a r y  e l e c t r o n s  p ro d u c e d  by 
a  g i v e n  gamma-ray a l l  have  e n e r g y  e q u a l  t o  t h e  
c a l c u l a t e d  mean e n e rg y  o f  e l e c t r o n s  i n  t h e  medium. 
T h i s  can  be e v a l u a t e d  f o r  q u a r t z  f rom  t h e  d a t a  o f  
A ppend ix  I .  The r a t e  o f  p r o d u c t i o n  o f  e l e c t r o n s  
p e r  cm? i s  e x p r e s s e d  a s  t h e  r a t i o  o f  t h e  r a t e  o f  
a b s o r p t i o n  o f  gam m a-quanta  i n  t h e  w a l l s  o f  t h e  c e l l  
t o  t h e  t o t a l  volume o f  t h e  c e l l .  F o r  a  r a d i o ­
i s o t o p e  w i t h  a  complex  d ec ay  schem e ,  t h e  e f f e c t  due 
t o  t h e  v a r i o u s  gam m a-quanta  a r e  e v a l u a t e d  s e p a r a t e l y ,  
and e a c h  w e ig h t e d  a c c o r d i n g  t o  t h e  p r o b a b i l i t y  o f  
e m i s s i o n .  The t o t a l  e f f e c t  i s  t h e n  fo u n d  by 
s u m m a t io n .
S i n c l a i r ’ s e x p r e s s i o n  t h u s  becom es ,  f o r  5  me. 
o f  a  r a d i o - i s o t o p e  a t  cm. d i s t a n c e :
1 8 2
Number o f  s e c o n d a r y  e l e c t r o n s  
e s c a p i n g  p e r  second
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4.1 2.
w here ■<, =5 i n t e r n a l  r a d i u s  o f  c e l l
= e x t e r n a l  r a d i u s  o f  c e l l
k  = i n t e r n a l  l e n g t h  o f  c e l l
b = t h i c k n e s s  o f  c e l l
R  = r a n g e  i n  c e l l  medium o f  s e c o n d a r y  
e l e c t r o n s  o f  e n e r g y  e q u a l  t o  mean 
e n e rg y  o f  s e c o n d a r y  e l e c t r o n s  
p ro d u c e d  i n  medium by gamma- 
q u a n t a  o f  e n e rg y  .
and s  , x  fy y^ ' fr  ’ ^^ive t h e  s i g n i f i c a n c e  a t t a c h e d  
t o  them i n  e q u a t i o n  2 . 2 .
T h i s  e x p r e s s i o n  h a s  been  e v a l u a t e d  f o r  1 me. 
o f  e a c h  r a d i o - i s o t o p e  a t  1 m e t r e  d i s t a n c e  and f o r  
e a c h  o f  t h e  t h r e e  q u a r t z  c e l l s  u s e d .  The v a l u e s  
o f  yuu f o r  q u a r t z  u se d  were  d e r i v e d  f rom  A ppend ix  I .  
The v a l u e s  o f  R- were d e r i v e d  f rom  t h e  c o l l e c t e d
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d a t a  o f  Kamen f o r  t h e  r a n g e s  o f  homogeneous e l e c t r o n s  
i n  u n i t  d e n s i t y  m a t e r i a l  q u o te d  i n  A ppend ix  I I ,  
a s su m in g  a  d e n s i t y  o f  2 .6 6  f o r  q u a r t z .  A p p r o p r i a t e  
c o r r e c t i o n s  f o r  i n t e r n a l  c o n v e r s i o n  and s e l f - a b s o r p t i o n  
i n  t h e  s o u r c e  were i n c l u d e d  i n  t h e  v a l u e s  f o r  ,
The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  
T a b le  XXII .
T a b l e  XXII.
C o u n t in g  R a te  C o r r e c t i o n  f o r  S e co n d a ry  E l e c t r o n s  
S c a t t e r e d  f rom  W a l l s  o f  Q u a r t z  C e l l s  due t o  1 m i l l i c u r i e  
o f  v a r i o u s  R a d i o - i s o t o o e s  a t  1 m e t r e .
C o u n t in g  R a te  
i n  1 cm. c e l l  
c o u n t s / s e c o n d
C o u n t i n g  R a te  
i n  2 cm. c e l l  
c o u n t  s / s e c o n d
C o u n t in g  R a te  
i n  4 cm. c e l l  
co u n t  s / s e c o n d
Sodium 24 1 1 .2 1 8 . 0 3 1 .3
C o b a l t  60 6 . 0 9 . 5 1 6 . 6
Bromine 82 6 . 0 9 . 5 1 6 . 6
I o d i n e  131 0 . 4 0 . 7 1 . 2
Gold 198 0 . 4 0 . 7 1 . 2
S in c e  many o f  t h e  s c a t t e r e d  e l e c t r o n s  e n t e r i n g  t h e  
s e n s i t i v e  volume o f  t h e  l u m i n o p h o r  w i l l  have low 
e n e r g y ,  and c o n s e q u e n t l y  w i l l  have  a  low p r o b a b i l i t y  
o f  p r o d u c i n g  a  c o u n t  i n  t h e  s c a l e r ,  t h e  v a l u e s  o f  
t h i s  t a b l e  c o n s t i t u t e  an u p p e r  l i m i t  t o  t h e  c o r r e c t i o n  
f o r  s c a t t e r i n g  t h a t  may be a p p l i e d  t o  t h e  o b s e r v e d
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c o u n t i n g  r a t e s  o f  T a b l e  XXI ; t h i s  i s  p a r t i c u l a r l y  
t r u e  f o r  t h e  low e n e r g y  g a m m a - ra d ia t  i o n  from i o d i n e
-L yJ.
and g o ld  . On t h e  o t h e r  h a n d ,  t h e  c o n t r i b u t i o n  
198
o f  t h e  s c a t t e r e d  g am m a-quan ta ,  w h ich  h a s  n o t  been
t a k e n  i n t o  a c c o u n t ,  w i l l  o f f s e t  t h i s  e f f e c t  t o  some
e x t e n t .  The e s t i m a t e d  c o r r e c t i o n s  f o r  sodium a r e
24
p r o b a b l y  n o t  i n  e r r o r  by more t h a n  2 5 ^ .
T a b l e  / X I I I
Maximum T ru e  C o u n t in g  R a t e s  i n  p  - T e r p h e n y l  i n  Ben zen e  
due  t o  1 m i l l i c u r i e  o f  v a r i o u s  R a d i o - i s o t o p e s  a t  1 m e t r e
C o r r e c t e d  f o r  S c a t t e r .
(1 cm. q u a r t z  c e l l )
Sodium 24 
C o b a l t  60 
Bromine 82 
I o d i n e  131 
Gold 198
O bserved  C o u n t in g  
R a te  
c o u n t s / s e c o n d
4 6 .9
3 9 .3
5 9 .1
9 .8 3
9.82
C a l c u l a t e d  R a te  
o f  P r o d u c t i o n  
o f  S e c o n d a ry  
E l e c t r o n s  
c o u n t s / s e COnd.
4 8 . 0
52.6
8 9 .1
3 7 .9
3 7 .5
&
0 .98
0 .7 5
0.66
0 . 2 6
0.26
I f  t h e  o b s e r v e d  c o u n t i n g  r a t e s  o f  T a b le  XXI a r e  
s u b m i t t e d  t o  c o r r e c t i o n s  b a s e d  on t h e  T a b le  XXII , t h e  
r e s u l t s  shown i n  T a b le  X X m  a r e  o b t a i n e d .  I t  w i l l  be
LiL lii:
1 8 5
s e e n  t h a t  t h e  e f f e c t s  due t o  t h e  w a l l s  o f  t h e  c e l l s  
a r e  e n t i r e l y  s u f f i c i e n t  t o  e x p l a i n  t h e  a n o m a l i e s  i n  
t h e  o r i g i n a l  r e s u l t s .  The c o r r e c t e d  v a l u e s  o f  t h e  
r a t i o  &  a r e  i n  a l l  c a s e s  l e s s  t h a n  u n i t y ,  b u t  
a p p r o a c h  t h i s  l e v e l  i n  t h e  c a s e  o f  sod iu ra^^ .  The 
r a p i d  f a l l  i n  &  a t  low gamma-ray e n e r g i e s  may be 
e x p l a i n e d  by t h e  p re d o m in a n c e  o f  Compton a b s o r p t i o n  
i n  t h e  c a s e  o f  t h e  l i q u i d  l u m i n o p h o r s ,  w h e re a s  w i t h  
c a l c i u m  t u n g s t a t e ,  a b s o r p t i o n  i n  t h e  e n e rg y  r a n g e  
0 . 1  -  0 . 5  MeV. t a k e s  p l a c e  l a r g e l y  by t h e  p h o to ­
e l e c t r i c  p r o c e s s .  The s m a l l e r  s c i n t i l l a t i o n s  
p r o d u c e d  by t h e  much l e s s  e n e r g e t i c  Compton r e c o i l  
e l e c t r o n s  may be e x p e c t e d  t o  h av e  a  l o w e r  p r o b a b i l i t y  
o f  r e c o r d i n g  on t h e  s c a l e r .
9 .  STUBIBS ON THS SbRBNKOV BFFECT IN SCINTILLATION 
OOUNTBRS.
( a )  I n t r o d u c t i o n :
The o b s e r v a t i o n  o f  s c i n t i l l a t i o n s  i n  p u r e  
l i q u i d s  s u c h  a s  w a t e r  and b e n z e n e  (p ag e  1 5 9 ) ,  and 
i n  P e r s p e x  (p a g e  1 1 9 ) ,  i r r a d i a t e d  by gam m a-quan ta  
s u g g e s t e d  t h a t  some mechanism o t h e r  t h a n  t h e  e x c i t a t i o n -  
e m i s s i o n  p r o c e s s  d e s c r i b e d  i n  s u b - s e c t i o n  I I . 4 .  must 
c o n t r i b u t e  t o  t h e i r  l u m i n e s c e n c e .  F o l lo w in g  t h e
r e p o r t s  o f  J e l l e y  (1 9 5 0 )  t h a t  t h e  p a s s a g e  o f  c o s m i c - r a y
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yuk, -m esons  t h r o u g h  d i s t i l l e d  w a t e r  was acco m p a n ie d  
by t h e  p r o d u c t i o n  o f  l i g h t  p u l s e s  due t o  t h e  G erenkov  
e f f e c t , and t h a t  t h e s e  p u l s e s  c o u l d  be c o u n te d  w i t h  a  
p h o t o - m u l t i p l i e r ,  f a s t  a m p l i f i e r ,  and s c a l e r ,  e x p e r i ­
m e n ts  were c a r r i e d  o u t  t o  d e t e r m i n e  w h e th e r  t h e  p u l s e s  
o b s e r v e d  u n d e r  g a m m a - i r r a d i a t i o n  c o u l d  a l s o  be a t t r i ­
b u t e d  t o  t h i s  e f f e c t .
V
G erenkov (1 9 3 4 )  showed t h a t  t h e  p a s s a g e  t h r o u g h  
m a t t e r  o f  f a s t  b e t a - p a r t i c l e s  o r  s e c o n d a r y  e l e c t r o n s  
f rom  Compton e n c o u n t e r s ,  was acco m p an ied  by t h e  
e m i s s i o n  o f  l i g h t  e x t e n d i n g  f rom  t h e  v i s i b l e  r e g i o n  
o f  t h e  s p e c t ru m  i n t o  t h e  u l t r a - v i o l e t .  He showed 
f u r t h e r  t h a t  t h i s  e m i s s i o n  was n o t  i s o t r o p i c  b u t  
o c c u r r e d  a l o n g  a  cone  a t  a  p a r t i c u l a r  a n g l e  t o  t h e  
d i r e c t i o n  o f  t h e  i n c i d e n t  p a r t i c l e ,  t h i s  a n g l e  b e i n g  
c h a r a c t e r i s e d  by t h e  e n e rg y  o f  t h e  p a r t i c l e .  The 
t h e o r y  o f  t h e  e f f e c t  h a s  been  r e v i e w e d  by Rob in  (1 9 5 0 )  
and was f i r s t  d e v e lo p e d  on a  c l a s s i c a l  b a s i s  by F ra n k  
and Tamm ( 1 9 3 7 ) .  These  w o r k e r s  d e m o n s t r a t e d  t h a t  t h e  
e m i s s i o n  o f  l i g h t  was due t o  t h e  d e c e l e r a t i o n  o f  t h e  
p a r t i c l e  i n  i t s  p a s s a g e  t h r o u g h  m a t t e r  and c o u l d  o n ly  
o c c u r  when i t s  v e l o c i t y  was g r e a t e r  t h a n  t h e  p h a s e  
v e l o c i t y  o f  l i g h t  w i t h i n  t h e  medium. They showed t h e  
a n g l e  6 b e tw een  t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  e l e c t r o n  
and t h a t  o f  t h e  e m i t t e d  l i g h t  t o  be g i v e n  b y : -
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^  e  * - 1 5 .
n
where  t r  = v e l o c i t y  o f  p a r t i c l e
n  = r e f r a c t i v e  i n d e x  o f  medium 
W r i t i n g  ^  , i t  f o l l o w s  f rom  e q u a t i o n  4 .1 3  t h a t : -
8 c:
f t  i s  o f  c o u r s e  r e l a t e d  t o  t h e  e n e r g y  o f  t h e  
e l e c t r o n  e x p r e s s e d  i n  MeV., by t h e  w e l l -k n o w n  
r e l a t i o n s h i p : -
F o r  e m i s s i o n  t o  o c c u r ,  i t  i s  t h u s  n e c e s s a r y  t h a t  f t n ^ \  ; 
t h i s  s e t s  a  lo w e r  l i m i t  on t h e  e n e r g y  o f  e l e c t r o n s  w hich  
c a n  e m i t  l i g h t  by su c h  a  p r o c e s s .  At t h i s  l i m i t  6 
becomes e q u a l  t o  z e r o .  The cone o f  e m i s s i o n  o f  Gerenkov  
r a d i a t i o n  t h u s  c o n t r a c t s  a s  t h e  e l e c t r o n  i s  s low ed  down 
i n  i t s  p a s s a g e  t h r o u g h  m a t t e r ,  v a n i s h i n g  a t  t h e  i n s t a n t  
when t h e  v e l o c i t y  o f  t h e  e l e c t r o n  becomes ~  .
F ra n k  and Tamm c a l c u l a t e d  t h e  t o t a l  e n e r g y ,  W  , 
r a d i a t e d  o v e r  a  s h o r t  l e n g t h  i  o f  t h e  t r a c k  o f  t h e  
e l e c t r o n ,  o v e r  w h ich  v* may be assumed c o n s t a n t .  T h i s  
t h e y  fo u n d  t o  be g iv e n  by;
w
c
r
'~2.
uj. i-ui. ( I — y y  )  4 . 1 4 .
/3r> > I
where cJ i s  t h e  f r e q u e n c y  o f  t h e  e m i t t e d  r a d i a t i o n .
1 8 8
From t h i s  e x p r e s s i o n ,  t h e  number o f  p h o t o n s  w i t h  
w a v e l e n g t h s  b e tw e e n  \  , and e m i t t e d  i n  a
l e n g t h  éSi o f  t r a c k  i s  g i v e n  b y ; -
= c o n s t a n t  . (  ^^
z
w here  rÀ. = , t h e  f i n e  s t r u c t u r e  c o n s t a n t .
E a r l y  e x p e r i m e n t a l  s t u d i e s  on t h e  Ôerenkov 
e f f e c t  were made w i t h  c o l l i m a t e d  beams o f  b e t a -  
p a r t i c l e s  i n c i d e n t  upon  t h i n  f i l m s  o f  t r a n s p a r e n t  
m a t e r i a l s ,  u s i n g  p h o t o g r a p h i c  r e c o r d i n g  t e c h n i q u e s .
The v e l o c i t y  o f  t h e  i n c i d e n t  e l e c t r o n s  c o u l d  be 
assumed u n c h an g ed  a f t e r  p a s s a g e  t h r o u g h  t h e s e  t h i n  
f i l m s ;  i t  was t h e r e f o r e  p o s s i b l e  t o  v e r i f y  
e q u a t i o n  4 . 1 3 .  d i r e c t l y .  U s in g  an a r r a n g e m e n t  o f  t h i s  
t y p e ,  and 2 MeV. e l e c t r o n s  f rom  an a c c e l e r a t i n g  t u b e , 
C o l l i n s  and R e i l i n g ' ( 1 9 3 8 ) showed t h e  d ep e n d en c e  o f  
0 on r e f r a c t i v e  i n d e x  i n  v a r i o u s  m a t e r i a l s .  I n  
a  s i m i l a r  m a n n e r ,  Wyckoff  and H en d e rso n  (1943 )  
i n v e s t i g a t e d  t h e  r e l a t i o n s h i p  be tw een  9  and 
e l e c t r o n  e n e rg y  f o r  e l e c t r o n s  i n  t h e  e n e r g y  r a n g e  
240 -  815 keV. p a s s i n g  t h r o u g h  a  m ic a  f i l m .
The a n g u l a r  d i s t r i b u t i o n s  o f  e m i t t e d  l i g h t  
o b t a i n e d  by t h e s e  w o rk e r s  showed b r o a d  maxima a t  
t h e  V a lu e s  o f  8 p r e d i c t e d  by t h e  t h e o r y  o f  F rank
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aiad Tamm, b u t  w i t h  a  s p r e a d  o f  many d e g r e e s  a b o u t
t h e s e  v a l u e s .  T h i s  s p r e a d  was a t t r i b u t e d  by
Wyckoff  and H en d e rso n  t o  s c a t t e r i n g  o f  e l e c t r o n s
w i t h i n  t h e  f i l m .  More r e c e n t l y ,  h o w ev e r ,  i t  h a s
b ee n  p o i n t e d  o u t  by L i  (1 9 5 0 )  t h a t  an a n g u l a r
s p r e a d  o f  e m i t t e d  l i g h t  a b o u t  t h e  v a l u e s  o f
p r e d i c t e d  by t h e  c l a s s i c a l  t h e o r y  i s  t o  be e x p e c t e d
from  a  r e l a t i v i s t i c  a p p r o a c h  t o  t h e  p r o b le m .
G e t t i n g  (1 9 4 7 )  f i r s t  s u g g e s t e d  t h e  u s e  o f  a
\/
p h o t o - m u l t i p l i e r  t o  d e t e c t  G erenkov  r a d i a t i o n .
L i c k e  ( 1 9 4 7 ) h a s  d e s c r i b e d  t h e  u s e  o f  a  l i q u i d  
n i t r o g e n  c o o l e d  t y p e  I  P 28 t u b e  i n  c o n j u n c t i o n  w i t h  
an a m p l i f i e r  and s c a l e r  t o  o b s e r v e  t h e  p u l s e s  
p ro d u c e d  i n  P e r s p e x  i r r a d i a t e d  by X - r a y s  f rom  a  20 MeV. 
b e t a t r o n ,  b u t  d i d  n o t  s tu d y  t h e  a n g u l a r  d i s t r i b u t i o n  
o f  t h e  e m i s s i o n .  No r e p o r t s  have  y e t  a p p e a r e d  
d e s c r i b i n g  t h e  e x t e n s i o n  o f  t h e  t e c h n i q u e  t o  t h e  
s t u d y  o f  t h e  G erenkov e f f e c t  p r o d u c e d  by s e c o n d a ry  
e l e c t r o n s  f ro m  g am m a-ray s .
( b )  M ethods o f  Measurement ;
I t  was d e c i d e d  t o  s t u d y  t h i s  e f f e c t  i n  P e r s p e x ,/
b e c a u s e  o f  t h e  v e r y  w id e s p r e a d  u s e  o f  t h i s  m a t e r i a l  
i n  t h e  f a b r i c a t i o n  o f  l i g h t - g u i d e s  f o r  s c i n t i l l a t i o n
c o u n t e r s .  An e x p e r i m e n t a l  a r r a n g e m e n t  s i m i l a r  t o
1 9 0
t h a t  a l r e a d y  d e s c r i b e d  i n  c o n n e c t i o n  w i t h  t h e  
m easurem en t  o f  a b s o l u t e  c o u n t i n g  r a t e s  i n  l i q u i d  
lu m i n o p h o r s  (p ag e  1 7 4  ) was u s e d .  The p h o t o - m u l t p l i e r  
t u b e  was c o o l e d  w i t h  l i q u i d  n i t r o g e n  and u se d  i n  c o n ­
j u n c t i o n  w i t h  t h e  q u a r t z  c e l l  m o u n t in g  o f  f i g u r e  13  ( i n ­
s e t  D ) .  I n s i d e  t h e  l a t t e r ,  h o w e v e r ,  a  c y l i n d r i c a l  
p e r s p e x  p l u g , 4 cm . i n  l e n g t h  and 1 . 8  cm.in d i a m e t e r  
( e q u a l  t o  t h e  maximum d i a m e t e r  o f  t h e  l i g h t  g u i d e ) ,  
was p l a c e d  i n  t h e  p o s i t i o n  p r e v i o u s l y  o c c u p ie d  by t h e  
q u a r t z  c e l l s  c o n t a i n i n g  t h e  l i q u i d  s a m p le s .  T h i s  p l u g  
had one b a s a l  b l a n e  c o v e re d  w i t h  b l a c k  p a p e r ,  t h e  o t h e r  
b a s a l  p l a n e  and t h e  c y l i n d r i c a l  s u r f a c e  b e i n g  h i g h l y  
p o l i s h e d .  By m e a s u r in g  t h e  t o t a l  c o u n t i n g  r a t e  w i t h  
t h e  p o l i s h e d  b a s a l  p l a n e  p r e s e n t e d  t o w a r d s ,  and  i n  
c o n t a c t  w i t h ,  t h e  p o l i s h e d  end o f  t h e  l i g h t  g u i d e ,  
and t h e n  r e v e r s i n g  t h e  p l u g  and m e a s u r in g  t h e  b ack ­
g ro u n d  , t h e  t r u e  c o u n t i n g  r a t e  due t o  l u m i n e s c e n t  
e f f e c t s  i n  t h e  p l u g  c o u ld  be m e a s u r e d .  T h i s  p r o c e d u r e  
e l i m i n a t e d  e r r o r s  due t o  t h e  s h i e l d i n g  e f f e c t  o f  t h e  
p l u g  on t h e  l i g h t  g u id e  and p h o t o - m u l t i p l i e r ,  w hich  
would have b een  i n t r o d u c e d  had t h e  b ac k g ro u n d  been  
m e a su re d  by r e m o v in g  t h e  p l u g  c o m p l e t e l y .  S in c e  t h e  
t r u e  c o u n t i n g  r a t e s  due t o  l u m i n e s c e n c e  i n  t h e  p l u g
inin
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amounted  t o  no more t h a n  2 0^  o f  t h e  t o t a l  c o u n t i n g  
r a t e ,  s u c h  e r r o r s  would have  been  v e r y  s i g n i f i c a n t .
The p h o t o - m u l t i p l i e r  t u b e  was o p e r a t e d  a t  an  
i n t e r - d y n o d e  p o t e n t i a l  o f  108 v o l t s ,  and t h e  a m p l i f i e r  
a t  f u l l  g a i n .  C o u n t in g  r a t e s  were  m easu red  w i t h  t h e  
r a t e m e t e r ,  t h e  p u l s e  d i s c r i m i n a t o r  c o n t r o l  b e i n g  s e t  
a t  5 v o l t s ,  and  t h e  r e s o l v i n g  t im e  a t  1 0 0  m i c r o s e c o n d s .
M easu rem en ts  were  made o f  t h e  v a r i a t i o n  i n  c o u n t i n g  
r a t e  when r a d i o - a c t i v e  s o u r c e s  were moved i n  a  c i r c l e  
a t  a  known f i x e d  d i s t a n c e  f ro m  t h e  m i d - p o i n t  o f  t h e  
p e r s p e x  s l u g ;  t h i s  d i s t a n c e  b e i n g  be tw een  1 0  and  50 
cm s.  The s o u r c e s  u s e d  were  c a l i b r a t e d  i n  t h e  m anner  
a l r e a d y  d e s c r i b e d  ( s u b - s e c t i o n  I I I . 5)  and were o f  t h e  
o r d e r  o f  1 m i l l i c u r i e .  The c o u n t i n g  r a t e s  c o r r e s p o n ­
d i n g  t o  1 m i l l i c u r i e  o f  a c t i v i t y  a t  1 m e t r e  d i s t a n c e  
were  t h e n  d ed u ced  from  t h e  o b s e r v e d  r a t e s .
( c )  E x p e r i m e n t a l  R e s u l t s ;
M e a su re m e n ts  were made w i t h  s o u r c e s  o f  t h e  f o u r  
r a d i o - i s o t o p e s  sod ium 2 4 , c o b a l t ^ q ,  b ro m in eg 2 
i o d i n e ^ ^ ^ .  The v a r i a t i o n  i n  c o u n t i n g  r a t e  w i t h  
a n g u l a r  p o s i t i o n  o f  t h e  s o u r c e  f o r  t h e s e  f o u r  i s o t o p e s  
i s  shown i n  f i g u r e s  7 4  -  7 7 , a l l  c o u n t i n g  r a t e s  b e i n g  
c o r r e c t e d  t o  c o r r e s p o n d  t o  1 m i l l i c u r i e  o f  a c t i v i t y
Iuuuu
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a t  1 m e t r e .  I n  f i g u r e  7 8 ,  a  s e t  o f  r e s u l t s  f o r  a  
q u a r t z  c e l l  f i l l e d  w i t h  p - t e r p h e n y l  i n  b en zen e  
s o l u t i o n  i s  p r e s e n t e d  f o r  c o m p a r i s o n .  Whereas i n  
t h e  l a t t e r  c a s e ,  t h e r e  i s  no e v i d e n c e  o f  any 
d i r e c t i o n a l  e f f e c t s ,  t h e  c o u n t i n g  r a t e s  o b s e r v e d  i n  
p e r s p e x  a r e  i n  a l l  c a s e s  e x t r e m e l y  d e p e n d e n t  upon  
t h e  p o s i t i o n  o f  t h e  s o u r c e .
The g e n e r a l  form  o f  t h e s e  r e s u l t s  i s  n o t  
i n c o m p a t i b l e  w i t h  t h e  p r o p o s i t i o n  t h a t  t h e  l u m i n e s c e n c e  
e x c i t e d  i n  P e r s p e x  by g a m m a - r a d i a t i o n  i s  due e n t i r e l y  
t o  t h e  C e ren k o v  e f f e c t .  An a c c u r a t e  a n a l y s i s  o f  t h e  
o b s e r v e d  d i s t r i b u t i o n s  i n  t e r m s  o f  t h e  t h e o r y  o f  
F ra n k  and Tamm i s  d i f f i c u l t  h o w e v e r .  I n  t h e  f i r s t  
p l a c e ,  t h e  s e c o n d a r y  e l e c t r o n s  p ro d u c e d  by gamma- 
r a d i a t i o n  a r e  n o t  m o n o - e n e r g e t i c , b u t  have an e n e r g y  
d i s t r i b u t i o n  o f  t h e  form  shown i n  f i g u r e  6 . I n  t h e  
s eco n d  p l a c e  t h e y  a r e  n o t  n e c e s s a r i l y  e j e c t e d  p a r a l l e l  
t o  t h e  i n c i d e n t  gamma-Quanta ,  a l t h o u g h  i n  t h e  c a s e  o f  
g a m m a - r a d i a t i o n  i n  t h e  e n e r g y  r a n g e  s t u d i e d  h e r e , most 
o f  t h e  Compton r e c o i l s  w i l l  t r a v e l  i n  t h e  f o r w a r d  
d i r e c t i o n .  E ac h  s e c o n d a r y  e l e c t r o n  may be e x p e c t e d  
t o  e m i t  l i g h t  u n t i l  i t s  e n e r g y  h a s  r e a c h e d  t h e  l o w e r  
l i m i t  f o r  t h e  e f f e c t .  The a n g l e  be tw een  t h e  e m i t t e d
l i g h t  and t h e  t r a c k  o f  t h e  e l e c t r o n  w i l l  v a ry  b e tw e en
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a n  i n i t i a l  v a l u e  o f  ) g i v e n  by e q u a t i o n
4 . 1 3 . and a  f i n a l  v a l u e  o f  z e r o ,  when i t s  v e l o c i t y  
h a s  f a l l e n  t o  . At t h i s  p o i n t  i t s  e n e r g y  w i l l
be 0 .5 1  ( ; — ^  w, -  f ) MeV. S in c e  o f o r
P e r s p e x  i s  1 . 5 0 ,  t h e  l o w e r  e n e r g y • l i m i t  f o r  t h e  
C erenkov  e f f e c t  i n  t h i s  m a t e r i a l  i s : -
0 . 5 1 f MeV.
4 . 1 6 .0  I ' s
o r ,  i n  o t h e r  w o rd s ,  0 .1 7  5 MeV.
The a n g u l a r  d i s t r i b u t i o n  o f  t h e  e m i t t e d  l i g h t  w i l l  
be s t i l l  f u r t h e r  m o d i f i e d  by t h e  o p t i c a l  p r o p e r t i e s  
o f  t h e  s l u g ,  w h ich  a c t s  a s  a  s h o r t  s e c t i o n  o f  l i g h t  
g u i d e .  N e v e r t h e l e s s ,  an a p p r o x i m a t e  ch e ck  o f  t h e  
o b s e r v e d  d i s t r i b u t i o n s  i n  t e r m s  o f  t h e  t h e o r y  o f  
F ra n k  and  Tamm may be a t t e m p t e d  a l o n g  t h e  f o l l o w i n g  
l i n e s s -
Assume t h a t  a l l  t h e  s e c o n d a r y  e l e c t r o n s  p ro d u c e d  
by a  g i v e n  gamma-ray a r e  m o n o - e n e r g e t i c  and o f  e n e r g y  
e q u a l  t o  t h e i r  mean s e c o n d a r y  e l e c t r o n  e n e rg y  i n  t h e  
medium, , c a l c u l a t e d  a s  d e s c r i b e d  on page  26 .
T h e n ,  w h a t e v e r  be t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  
e m i s s i o n ,  t h e  t o t a l  i n t e n s i t y  o f  e m i t t e d  l i g h t  can  
be s e e n  f r o m  e q u a t i o n  4 . 1 4 . t o  b e : -
C C O s V ^ r ,t . .  -  - T z ) -  • 4 . 1 7 .
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w here  N e  = r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y
e l e c t r o n s  i n  t h e  medium by t h e  gamma-ray 
i n  q u e s t i o n ,  
f   ^ = t o t a l  r a n g e  o f  an e l e c t r o n  o f  e n e rg y  
i n  t h e  medium 
2 ^  ^  r e s i d u a l  r a n g e  o f  an  e l e c t r o n  o f  e n e r g y  
0 .1 7 5  MeV. i n  t h e  medium.
Where a  r a d i o - i s o t o p e  e m i t s  more t h a n  one gamma-ray 
p e r  d i s i n t e g r a t i o n , t h e  t o t a l  i n t e n s i t y  o f  e m i t t e d  
l i g h t  w i l l  be t h e  sum o f  t h e  e f f e c t s  due t o  e a c h  
s e p a r a t e  gam m a-ray ,  w e ig h t e d  a c c o r d i n g  t o  i t s  
p r o b a b i l i t y ,  j-y , o f  e m i s s i o n : -
E v a l u a t i n g  t h e  i n t e g r a l  ( I -  T   ^ - by
g r a p h i c a l  m e th o d s  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e
e x p e c t e d  r e l a t i v e  v a l u e s  f o r  X  f o r  e a c h  o f  t h e  
r a d i o - i s o t o p e s  s t u d i e d .  T hese  r e l a t i v e  v a l u e s  
can  t h e n  be compared w i t h  t h e  r e l a t i v e  a r e a s  u n d e r  
t h e  c u r v e s  o f  f i g u r e s  74 -  7 7 .
• I n  T a b l e  XXIV, t h e  d a t a  n e c e s s a r y  f o r  t h e  
c a l c u l a t i o n s  a r e  su m m ar ise d .  The v a l u e s  o f  w ere  
c a l c u l a t e d  f rom  t h e  d a t a  o f  A ppend ix  I  f o r  P e r s p e x ;
i
195
t h o s e  o f  d e r i v e d  f rom  t h e  c o l l e c t e d
d a t a  o f  Kamen (1 9 5 0 )  f o r  t h e  r a n g e s  o f  homogeneous 
e l e c t r o n s  i n  u n i t  d e n s i t y  m a t e r i a l ,  a s su m in g  a  
d e n s i t y  o f  1 . 1 8  f o r  P e r s p e x .  was c a l c u l a t e d
f o r  e a c h  gamma-ray a s  d e s c r i b e d  i n  s u b - s e c t i o n  I I . 2 .
From t h e s e  d a t a ,  t h e  p l o t  o f  (  ^ ^  )
P r>
a g a i n s t  r e s i d u a l  e l e c t r o n  r a n g e  shown i n  f i g u r e  79 
c o u l d  be drawn; g r a p h i c a l  i n t e g r a t i o n  t h e n  made 
p o s s i b l e  t h e  e v a l u a t i o n  o f  r e l a t i v e  v a l u e s  f o r  ZT , .
I n  T a b l e  XXV, t h e  p r e d i c t e d  v a l u e s  o b t a i n e d  i n  t h i s  
way o f  t h e  t o t a l  i n t e n s i t y  o f  e m i t t e d  l i g h t  due t o  1 me. 
o f  e a c h  r a d i o - i s o t o p e  a t  1 m e t r e  d i s t a n c e ,  r e l a t i v e  t o  
t h e  p r e d i c t e d  v a l u e  f o r  c o b a l t w h i c h  i s  t a k e n  a s  
u n i t y ,  a r e  compared w i t h  t h e  v a l u e s  d e r i v e d  f rom  t h e  
e x p e r i m e n t a l  c u r v e s  o f  f i g u r e s  7 4 - 7 7 .  The a g re e m e n t  
b e tw een  t h e  two s e t s  o f  v a l u e s  i s  s u r p r i s i n g l y  good 
c o n s i d e r i n g  t h e  a p p r o x i m a t i o n s  made i n  c a l c u l a t i o n ,  
and  a d d s  g r e a t  w e ig h t  t o  t h e  c o n t e n t i o n  t h a t  t h e  
e f f e c t s  o b s e r v e d  i n  P e r s p e x  a r e  due  e n t i r e l y  t o  
C e ren k o v  r a d i a t i o n .
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T a b le  XXV
T o t a l  I n t e n s i t y  o f  (Cerenkov E f f e c t  i n  P e r s p e x  
due t o  Gam m a-Radiat ion  f rom  V a r i o u s  R a d i o - I s o t o p e s  
( r e l a t i v e  t o  e f f e c t  due t o  C o b a l t ^ ^ r a d i a b i o n )
O bserved  C a l c u l a t e d
Sodium 24 2 .1  2 . 4
C o b a l t  60 1 . 0  1 . 0
Bromine 82 0 .5 8  0 .6 8
I o d i n e  131 0 .0 0 6 1  0 .0 0 3 8
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SECTION V ; DISCUSSION;
The t h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  j u s t  
d e s c r i b e d  have d e m o n s t r a t e d  some o f  t h e  p ro b le m s  
w hich  a r e  e n c o u n t e r e d  when an a t t e m p t  i s  made t o  
u s e  t h e  s c i n t i l l a t i o n  c o u n t e r  a s  an a b s o l u t e  
m e a s u r in g  i n s t r u m e n t  f o r  g a m m a - r a d i a t i o n • T h ese  
s t u d i e s  have shown t h a t  where t h e  s c i n t i l l a t i o n s  
p ro d u c e d  a r e  l a r g e ,  and t h e  o p t i c a l  e f f i c i e n c y  o f  
t h e  d e t e c t i n g  sys tem  i s  h i g h ,  i t  i s  p o s s i b l e  t o  
r e l a t e  t h e  o b s e r v e d  c o u n t i n g  r a t e s  t o  t h e  r a t e s  o f  
a b s o r p t i o n  o f  r a d i a t i o n  i n  t h e  l u m i n o p h o r .  But 
i f  t h e  s c i n t i l l a t i o n s  a r e  o f  weak i n t e n s i t y ,  and 
t h e  o p t i c a l  e f f i c i e n c y  lo w ,  s t a t i s t i c a l  e f f e c t s  i n  
t h e  o p t i c a l  sys tem  and i n  t h e  p h o t o - m u l t i p l i e r  
t u b e  g r e a t l y  m od ify  t h i s  r e l a t i o n s h i p .  S i m i l a r  
c o n s i d e r a t i o n s  a r e  fo u n d  t o  a p p l y  when an a t t e m p t  
i s  made t o  r e l a t e  t h e  a m p l i t u d e  d i s t r i b u t i o n s  o f  
t h e  p u l s e s  p ro d u c ed  i n  t h e  c o u n t e r  t o  t h e  e n e rg y  
d i s t r i b u t i o n s  o f  t h e  s e c o n d a r y  e l e c t r o n s  p ro d u ced  
i n  t h e  l u m i n o p h o r ,
The t h e o r e t i c a l  a n a l y s i s  o f  t h e s e  s t a t i s t i c a l  
p r o c e s s e s  g i v e n  i n  s u b - s e c t i o n  I I . 6 .  h a s  a c c o u n t e d  
s a t i s f a c t o r i l y  f o r  t h e  e x p e r i m e n t a l  r e s u l t s  o f  su b ­
s e c t i o n  I V . l . , f o r  s t i m u l a t i o n  o f  t h e  p h o t o - m u l t i p l i e r
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b o t h  by s i n g l e  p h o t o n s  o f  v i s i b l e  l i g h t  and by 
a r t i f i c i a l  l i g h t  p u l s e s  c o n t a i n i n g  many p h o t o n s .
T hese  r e s u l t s  have  v e r y  c l e a r l y  d e m o n s t r a t e d  t h e  
f u n d a m e n t a l  im p o r ta n c e  o f  s t a t i s t i c a l  e f f e c t s  i n  
m e a s u r in g  d e v i c e s  b ased  on p h o t o - m u l t i p l i e r  t u b e s .
The s t u d i e s  o f  a b s o l u t e  c o u n t i n g  r a t e  in  
c r y s t a l l i n e  lu m in o p h o re  d e s c r i b e d  i n  s u b - s e c t i o n  I V . 3 .  
have shown t h a t  an u p p e r  l i m i t  i s  imposed on t h e  
c o u n t i n g  r a t e  o b s e rv e d  u n d e r  s c a t t e r - f r e e  c o n d i t i o n s  
by t h e  r a t e  o f  p r o d u c t i o n  o f  s e c o n d a r y  e l e c t r o n s  i n  
t h e  l u m i n o p h o r ,  c a l c u l a t e d  a s  d e s c r i b e d  i n  s u b - s e c t i o n  
I I . 2 . ,  p r o v i d e d  t h a t  t h e  d e c a y  p e r i o d  o f  t h e  lu m in o ­
p h o r  i s  l e s s  t h a n  t h e  r e s o l v i n g  t im e  o f  t h e  c o u n t i n g  
e q u i p m e n t .  Such c o n d i t i o n s  can  be s a t i s f i e d  i n  t h e  
c a s e  o f  c a lc iu m  t u n g s t a t e .  W ith  t h e  e x p e r i m e n t a l  
a r r a n g e m e n t s  u s e d ,  t h i s  u p p e r  l i m i t  i s  a p p ro a c h e d  i n  
t h e  c a s e  o f  t h e  g a m m a - r a d i a t i o n  f rom  sodium 2 ^ and 
c o b a l t g Q ,  b u t  i n  t h e  c a s e  o f  t h e  lo w e r  e n e rg y  r a d i a t i o n
from b r o m i n e . . , i o d i n e ^ a n d  g o ld  , many o f  t h e
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s c i n t i l l a t i o n s  p ro d u ced  i n  t h e  lu m in o p h o r  f a i l  t o  
r e c o r d  b e c a u s e  o f  t h e  s t a t i s t i c a l  p r o c e s s e s  a l r e a d y  
m e n t io n e d .  I t  i s  c l e a r  t h a t  f o r  a b s o l u t e  m easu rem en ts  
o f  g a m m a - r a d i a t i o n  f l u x ,  a  sy s tem  o f  h i g h e r  o p t i c a l  
e f f i c i e n c y  i s  r e q u i r e d ;  su ch  a  s y s tem  i s  d i f f i c u l t  t o
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a c h i e v e  however w i t h  t h e  t y p e  I  P 21 p h o t o - m u l t i p l i e r  
o r  an e q u i v a l e n t  t y p e . The g r e a t e s t  n ee d  h e r e  i s  
f o r  im proved  p h o t o - m u l t i p l i e r  d e s i g n ;  d u r i n g  t h e  
p e r i o d  o f  t h e s e  s t u d i e s ,  o n ly  t h e  t y p e  I  P 21 t u b e  
was a v a i l a b l e ;  b u t  p h o t o - m u l t i p l i e r s  su c h  a s  t h e  
R .C .A .  t y p e  5819 and t h e  E . M . I .  t y p e  5311 ,  which  
have  t h e  p h o t o - c a t h o d e  d e p o s i t e d  on t h e  g l a s s  e n v e l o p e ,  
a r e  now i n  p r o d u c t i o n .  These t u b e s  a r e  n o t  e a s i l y  
a d a p t e d  t o  an e x p e r i m e n t a l  a r r a n g e m e n t  i n  which  l i q u i d  
n i t r o g e n  c o o l i n g  can  be u s e d ,  b u t  a  c o n s i d e r a b l e  
i n c r e a s e  i n  o p t i c a l  e f f i c i e n c y  can  be a c h i e v e d  by 
t h e i r  u s e .
A nom alous ly  h i g h  c o u n t i n g  r a t e s  were o b t a i n e d  i n  
t h a l l i u m - a c t i v a t e d  a l k a l i  h a l i d e  l u m in o p h o r s ,  and 
t h e s e  e f f e c t s  were  shown t o  be e x p l i c a b l e  i n  t e r m s  o f  
d e l a y e d  p h o s p h o r e s c e n c e  p ro d u c e d  by e l e c t r o n  t r a p p i n g  
l e v e l s  i n  t h e  lu m in o p h o r .  I n  p r a c t i c a l  s c i n t i l l a t i o n  
c o u n t e r s  o f  h i g h  o p t i c a l  e f f i c i e n c y ,  t h e s e  e f f e c t s  
can  be overcome by t h e  u s e  o f  a  r e l a t i v e l y  h ig h  l e v e l  
o f  p u l s e  d i s c r i m i n a t i o n ,  s i n c e  t h e  p h o s p h o r e s c e n t  
p u l s e s  c o n s i s t  o n ly  o f  s i n g l e  p h o t o n s .  I t  i s  no 
d o u b t  f o r  t h i s  r e a s o n  t h a t  t h e  p h o s p h o r e s c e n t  e f f e c t s  
i n  t h a l l i u m - a c t i v a t e d  sodium i o d i d e  have  n o t  been 
r e c o r d e d  by o t h e r  w o r k e r s .  But i n  c o u n t e r s  w i t h  l o n g
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l i g h t  g u i d e s  d e s i g n e d  a s  p ro b e  u n i t s  f o r  b i o l o g i c a l  
o r  c l i n i c a l  m e a s u re m e n ts ,  i n  which  t h e  o p t i c a l  
e f f i c i e n c y  i s  r e d u c e d  and c o o l i n g  o f  t h e  p h o t o ­
m u l t i p l i e r  i s  n e c e s s a r y  i n  o r d e r  t o  a c h i e v e  h ig h  
c o u n t i n g  e f f i c i e n c i e s ,  such  e f f e c t s  may p r o f o u n d l y  
m o d ify  t h e  o b s e r v e d  c o u n t i n g  r a t e s  ( B e l c h e r  and 
E vans  1 9 5 1 ) .
The e x p e r i m e n t a l  s t u d i e s  o f  p u l s e  a m p l i t u d e  
d i s t r i b u t i o n  i n  c r y s t a l l i n e  l u m in o p h o r s  d e s c r i b e d  
i n  s u b - s e c t i o n  I V . 4 .  show g e n e r a l  ag reem en t  w i t h  
t h e  t h e o r e t i c a l  d i s t r i b u t i o n s  o f  s e c t i o n  I I ,  b u t  
a r e  s e e n  t o  be v e r y  d e p e n d e n t  upon p h o t o - m u l t i p l i e r  
s t a t i s t i c s .  Some e v i d e n c e  o f  d i s c o n t i n u i t i e s  i n  
t h e  d i s t r i b u t i o n s  due t o  p h o t o - e l e c t r o n  p e a k s  and 
r e c o i l  e l e c t r o n  ed g e s  i s  shown, b u t  i n  o r d e r  t o  
o b s e r v e  t h e s e  d i s c o n t i n u i t i e s  w i t h  c e r t a i n t y ,  an 
e x p e r i m e n t a l  a r r a n g e m e n t  o f  h i g h e r  o p t i c a l  e f f i c i e n c y  
i s  r e q u i r e d .  F u r t h e r  work i n  t h i s  f i e l d  would 
r e q u i r e  a  p h o t o - m u l t i p l i e r  h a v i n g  t h e  p h o t o - c a t h o d e  
d e p o s i t e d  on t h e  g l a s s  e n v e l o p e ,  i n  c o n t a c t  w i t h  
w hich  t h e  lu m in o p h o r  c o u ld  be m o u n te d ,  backed  by a  
r e f l e c t o r .  A p u l s e  a n a l y s e r  o f  t h e  k i c k - s o r t e r* *  
t y p e  s h o u ld  be u s e d  i n  p l a c e  o f  t h e  p u l s e  d i s c r i m i n a t i n g  
r a t e m e t e r ,  i n  o r d e r  t o  e l i m i n a t e  t h e  e r r o r s  i n v o l v e d
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i n  t h e  d i f f e r e n t i a t i o n  o f  a  c u rv e  o f  i n t e g r a l  
c o u n t i n g  r a t e .  With su ch  a  s y s t e m ,  s p e c t r o g r a p h i c  
s t u d i e s  o f  r a d i o - i s o t o p e s  would be p o s s i b l e ,  and 
have i n  f a c t  been  made by H o f s t a d t e r  and h i s  co ­
w o rk e r s  .
R e g a r d in g  t h e  e x p e r i m e n t a l  s t u d i e s  on t h e  
t e m p e r a t u r e  e f f e c t s  and e m i s s i o n  s p e c t r a  o f  
c r y s t a l l i n e  l u m in o p h o r s  d e s c r i b e d  i n  s u b - s e c t i o n s  
I V . 5. and I V . 6 . ,  l i t t l e  i s  t o  be s a i d ;  f o r  t h e  most 
p a r t  t h e y  s e r v e  o n ly  t o  c o n f i r m  a l r e a d y  p u b l i s h e d  
w ork ,  a l t h o u g h  i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  
o v e r a l l  g a i n  o f  t h e  t y p e  I  P 21 p h o t o - m u l t i p l i e r  
a p p e a r s  i n d e p e n d e n t  o f  t e m p e r a t u r e .  The c o m p a r a t iv e  
s t u d i e s  o f  s u b - s e c t i o n  I V , 7 .  on lu m i n e s c e n c e  i n  
l i q u i d  l u m i n o p h o r s ,  on t h e  o t h e r  h a n d ,  s u g g e s t  a  
number o f  i n t e r e s t i n g  f i e l d s  f o r  f u t u r e  w ork .  W h i l s t  
i t  seems u n l i k e l y  t h a t  any c r y s t a l l i n e  lu m in o p h o r s  
w i l l  be d e v e lo p e d  t h a t  a r e  s u p e r i o r  t o  t h o s e  a l r e a d y  
known, i t  i s  q u i t e  c l e a r  t h a t  l i q u i d  s y s t e m s  o f  
c o n s i d e r a b l y  h i g h e r  e f f i c i e n c y  t h a n  p» - t e r p h e n y l  i n  
x y l e n e  (R e y n o ld s  1 9 5 0 ) ,  o r  - d i n a p h t h y l  i n  b en z en e  
( B e l c h e r  1 951)  may be d e v i s e d .  While  t h e  low d e n s i t y  
and low mean a to m ic  number o f  such  s y s te m s  make them
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u n s u i t a b l e  f o r  a p p l i c a t i o n s  i n  w h ich  h ig h  c o u n t i n g  
r a t e s  a r e  r e q u i r e d  f rom  a lu m in o p h o r  o f  s m a l l  
s e n s i t i v e  v o lum e ,  f o r  many t y p e s  o f  s c i n t i l l a t i o n  
c o u n t e r  t h e y  may be p r e f e r r e d  t o  c r y s t a l l i n e  lu m in o ­
p h o r s .  For  e x a m p le ,  f o r  work w i t h  h i g h - e n e r g y  
g a m m a - r a d i a t i o n ,  a l a r g e  s e n s i t i v e  volume i s  r e q u i r e d  
t o  c o n t a i n  t h e  r a n g e  o f  t h e  e n e r g e t i c  s e c o n d a ry  
e l e c t r o n s .  T h i s  c o u ld  r e a d i l y  be o b t a i n e d  w i t h  a 
l i q u i d  s y s t e m .  A g a in ,  i n  d i r e c t i o n a l  c o u n t e r s  a 
t u b e  c o n t a i n i n g  t h e  l i q u i d  sy s tem  can  be p l a c e d  
b e h in d  a  c o l l i m a t i n g  a p e r t u r e ,  and w i l l  a c t  a s  b o t h  
lu m in o p h o r  and l i g h t  g u i d e ,  g i v i n g  n e a r l y  100^ 
c o u n t i n g  e f f i c i e n c y .  M o re o v e r ,  t h e  s h o r t  d ecay  t im e  
o f  t h e s e  lu m in o p h o r s  makes them p a r t i c u l a r l y  s u i t e d  
t o  r e s e a r c h  a p p l i c a t i o n s .
The s t u d i e s  d e s c r i b e d  i n  s u b - s e c t i o n  I V . 7 .  
c o n f i r m  and e x t e n d  t h e  p u b l i s h e d  work o f  K al lm ann  
and F u r s t  ( 1 9 5 0 )  on l i q u i d  l u m i n o p h o r s .  F u r t h e r  
c o m p a r a t iv e  s t u d i e s  m igh t  w e l l  r e v e a l  b i n a r y  o r  
t e r n a r y  l i q u i d  sy s tem s  o f  s t i l l  h i g h e r  l u m i n e s c e n t  
e f f i c i e n c y .  Of g r e a t e r  i n t e r e s t  p e r h a p s ,  a r e  t h e  
i m p l i c a t i o n s  o f  t h e s e  r e s u l t s  w i t h  r e g a r d  t o  t h e
c h e m ic a l  and b i o l o g i c a l  e f f e c t s  o f  i o n i s i n g  r a d i a t i o n s .
\
204
L i t t l e  i s  known r e g a r d i n g  t h e  p r e c i s e  mechanism 
o f  l u m i n e s c e n c e  i n  t h e s e  s y s t e m s ,  a l t h o u g h  i t  i s  
c l e a r  t h a t  t h i s  mechanism must i n v o l v e  a b s o r p t i o n  
o f  e n e rg y  i n  t h e  s o l v e n t  f o l l o w e d  by t r a n s p o r t  o f  
e n e rg y  f rom  e x c i t e d  s o l v e n t  m o l e c u l e s  t o  t h e  s o l u t e .  
The e x p e r i m e n t a l  r e s u l t s  o f  f i g u r e  63 show t h a t  t h i s  
t r a n s p o r t  i s  e x t r e m e l y  d e p e n d e n t  on t h e  n a t u r e  o f  
t h e  s o l v e n t ,  and i n d i c a t e  t h a t  p o l a r  s o l v e n t s  su c h  
a s  a c e t o n e  o r  d i e t h y l - e t h e r  a r e  l e s s  e f f e c t i v e  
v e h i c l e s  t h a n  n o n - p o l a r  s o l v e n t s  su ch  a s  b e n z e n e .  
F u r t h e r  s t u d i e s  i n  a  wide r a n g e  o f  s o l v e n t s  w i t h  
and w i t h o u t  added i m p u r i t i e s ,  t o g e t h e r  w i t h  s p e c t r o ­
g r a p h i c  s t u d i e s  o f  t h e  d i s t r i b u t i o n s  o f  t h e  e m i t t e d  
l i g h t  and c h e m ic a l  s t u d i e s  o f  r a d i a t i o n  e f f e c t s  on 
t h e  s o l v e n t s  m igh t  l e a d  t o  a  b e t t e r  u n d e r s t a n d i n g  
o f  t h e  mechanism o f  l u m i n e s c e n c e  i n  l i q u i d  s y s t e m s ,  
and o f  t h e  fu n d a m e n ta l  e n e rg y  t r a n s p o r t  p r o c e s s e s  
on w hich  many o f  t h e  c h e m ic a l  and b i o l o g i c a l  e f f e c t s  
o f  r a d i a t i o n  d e p e n d .
The e x p e r i m e n t a l  r e s u l t s  o f  s u b - s e c t i o n  IV .8 . 
show t h a t  t h e  a b s o l u t e  c o u n t i n g  r a t e s  i n  l i q u i d  
l u m i n o p h o r s  a r e  l i m i t e d  by t h e  r a t e s  o f  p r o d u c t i o n  
o f  s e c o n d a r y  e l e c t r o n s ,  p r o v i d e d  t h a t  a p p r o p r i a t e
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c o r r e c t i o n s  a r e  i n c l u d e d  f o r  s c a t t e r  f rom t h e  w a l l s  
o f  t h e  c o n t a i n i n g  v e s s e l .  T h i s  e f f e c t  i s  shown to  
make a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  o b s e rv e d  
c o u n t i n g  r a t e s .
The r e s u l t s  o f  s e c t i o n  I V . 9 .  show t h a t  t h e  
lu m i n e s c e n c e  o b s e r v e d  i n  P e r s p e x  u n d e r  g a m m a - r a d i a t i o n  
may be a t t r i b u t e d  t o  t h e  Cerenkov e f f e c t .  I t  would 
be o f  i n t e r e s t  t o  e x t e n d  t h e s e  m e asu rem en ts  t o  o t h e r  
c l a s s e s  o f  t r a n s p a r e n t  m a t e r i a l s ,  f o r  example t o  t h e  
p u r e  s o l v e n t s  s t u d i e d  i n  s u b - s e c t i o n  I V . 7 . ,  and t o  
h i g h e r  e n e rg y  r a d i a t i o n  t h a n  t h a t  from sodium^^ gamma- 
r a y s .  The p o s s i b i l i t y  o f  u s i n g  t h e  Cerenkov  e f f e c t  
f o r  t h e  m e asu rem e n ts  o f  h i g h - e n e r g y  r a d i a t i o n  i n  t h e  
10 -  100 MeV. e n e rg y  r a n g e  s u g g e s t s  t h a t  a s tu d y  o f  
t h e  lu m i n e s c e n c e  in d u c ed  by gam ma-rays o f  such  e n e r g i e s  
m ig h t  be p r o f i t a b l e .
F i n a l l y ,  i t  may be m e n t io n e d  t h a t  t h e  methods o f  
m easurem ent  u s e d  i n  t h e s e  s t u d i e s  a r e  r e a d i l y  a d a p t a b l e  
t o  o t h e r  f i e l d s  o f  r e s e a r c h  i n  w h ich  t h e  measurement o f  
v e r y  low i n t e n s i t i e s  o f  l i g h t  i s  i n v o l v e d .  I n  t h e  
s t u d y  o f  c h e m i c a l l y - i n d u c e d  l u m i n e s c e n c e ,  and o f  low 
lu m i n e s c e n t  p r o c e s s e s ,  t o  q u o te  onl 'y two e x a m p l e s , t h e  
t e c h n i q u e s  d e s c r i b e d  may make p o s s i b l e  t h e  o b s e r v a t i o n  
o f  lo w e r  l i g h t  i n t e n s i t i e s  t h a n  h a s  h i t h e r t o  been
p o s s i b l e .
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■APPBEDIX I  ; LINEAR ABSORPTION COBFFIGIENTS IN 
VARIOUS MATERIALS FOR GAMMA-RADIATION IN THE 
ENERGY RANGE 0 . 0 8  -  3 MeV.
E x p l a n a t o r y  N o t e :
The v a l u e s  f o r  t h e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t s  
p r e s e n t e d  i n  t h e s e  t a b l e s  have  been  c a l c u l a t e d  by t h e  
a u t h o r  f rom  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  l e a d ,  u s i n g  
t h e  r e l a t i o n s h i p s  q u o ted  i n  s u b - s e c t i o n  I I . 2 . j -
= ' P i
(  - i r  )
P e l
(I-:)
£ n  . ^
P a  FIM
The c o e f f i c i e n t s  f o r  l e a d  u s e d  i n  t h e s e  c a l c u l a t i o n s  
have  been  d e r i v e d  from t h e  p u b l i s h e d  d a t a  o f  S i r i
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( 1 9 4 9 ) ,  w i t h  t h e  e x c e p t i o n  o f  t h e  v a l u e s  f o r  
a t  e n e r g i e s  l e s s  t h a n  0 . 5  MeV. The l a t t e r  were 
o b t a i n e d  from  u n p u b l i s h e d  c a l c u l a t i o n s  by Mayneord 
( p r i v a t e  c o m m u n ic a t io n ) .
The v a l u e s  f o r  t h e  mean e n e r g i e s  o f  t h e  
s e c o n d a r y  e l e c t r o n s  have  b een  deduced  from t h o s e  
f o r  t h e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t s ,  u s i n g  t h e  
r e l a t i o n s h i p  a l s o  q u o te d  i n  s u b - s e c t i o n  I I . 2 : -
2 2 0
Lead, Pb yO a 11.35 gm./cm.
E n erg y
Ey .
MeV.
- 1
cm.
<r
- 1
cm.
T
- 1
cm.
I t
- 1
cm. cm. MeV./cm MeV.
0 . 0 8 0 .1 6 0 1 . 3 8 113 - 114 9 .0 5 0 .0 7 9 4
0 . 1 0 .1 8 0 1 . 3 1 6 1 .0 - 6 2 .3 6 .1 2 0 .0 9 8 2
0 . 2 0 .2 4 0 1 . 1 0 9 .7 0 - 1 0 .8 1 . 9 9 0 .1 8 4
0 . 3 0 .2 6 5 0 .9 5 0 3 .5 0 - 4 .4 5 1 . 1 3 0 .2 5 4
0 . 4 0 .2 7 0 0 .8 6 0 1 .6 5 - 2 .5 1 0 .7 6 8 0 .3 0 7
0 .5 0 .2 7 0 0 .7 8 0 0 .9 5 0 - 1 .7 3 0 .6 1 0 0 .3 5 3
1 0 .2 5 0 0 .5 7 0 0 .2 2 0 - .0 .790 0 .4 7 0 0 .5 9 5
2 0 .2 1 0 0 .4 0 0 0 .0 7 0 0 .0 3 5 0 .5 0 5 0 .5 9 5 1 . 1 8
3 0 .1 8 0 0 .3 1 0 0 .0 4 0 0 .1 1 0 0 .4 6 0 0 .8 8 0 1 . 9 1
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A n t h r a c e n e ,  ^  = 1 . 2 5  gm ./cm .
E nergy
Ev
MeV.
- 1
cm.
o '
- 1
cm.
T
- 1
cm.
-nr 
- 1  
cm.
■^1 
cm. MeV. / cm.
E c
MeV.
0 . 0 8 0 .0 2 3 5 0 .2 0 3 0 .0 0 5 8 - 0 .2 0 9 0 .0 0 2 3 4 0 .0 1 1 2
0 . 1 0 .0 2 6 4 0 .1 9 2 0 .0 0 3 1 - 0 .1 9 5 0 .0 0 2 9 5 0 .0 1 5 1
0 . 2 0 .0 3 5 2 0 .161 0 .0 0 0 5 - 0 .1 6 1 0 .0 0 7 1 4 0 .0 4 4 3
0 . 3 0 .0 3 8 9 0 .1 3 9 0 .0 0 0 2 - 0 .1 3 9 0 .0 1 1 7 0 .0 8 4 4
0 . 4 0 .0 3 9 6 0 .1 2 6 0 .0 0 0 1 - 0 .1 2 6 0 .0 1 5 9 0 .1 2 6
0 . 5 0 .0 3 9 6 0 .1 1 4 - - 0 .1 1 4 0 .0 1 9 8 0 .1 7 4
1 0 .0 3 6 7 0 .0 8 3 7 - - 0 .0 8 3 7 0 .0 3 6 7 0 .4 3 9
2 0 .0 3 0 8 0 .0 5 8 7 - 0 .0 0 0 3 0 .0 5 9 0 0 .0 6 1 9 1 .0 5
3 0 .0 2 6 4 0 .0 4 5 5 — 1 .0 0 1 1 0 .0 4 6 6 AO.0803 1 . 7 5
2S2
B en zen e ,  CgHg p  = 0 .8 8 0  g m ./cm .
E n e rg y
Ey ^ - 1 T _ 1 - 1 ^ - 1
MeV. cm. cm. cm. cm. cm. M eV./cm . MeV.
0 . 0 8 0 .0 1 6 8 0 .1 4 5 0 .0 0 4 0 0 .1 4 9 0 .0 0 1 6 6 0 .0 1 1 1
0 .1 0 .0 1 9 0 0 .1 3 8 0 .0 0 2 2 - 0 .1 4 0 0 .0 0 2 1 2 0 .0 1 5 1
0 . 2 0 .0 2 5 3 0 .1 1 6 0 .0 0 0 3 - 0 .1 1 6 0 .0 0 5 1 2 0 .0 4 4 1
0 . 3 0 .0 2 7 9 0 .1 0 0 0 .0 0 0 1 — 0 .1 0 0 0 .0 0 8 4 0 0 .0 8 4 0
0 . 4 0 .0 2 8 4 0 .0 9 0 6 - 0 .0 9 0 6 0 .0 1 1 4 0 .1 2 5
0 . 5 0 .0 2 8 4 0 .0821 - - 0 .0821 0 .0 1 4 2 0 .1 7 3
1 0 .0 2 6 3 0 .0 6 0 0 — — 0 .0 6 0 0 0 .0 2 6 3 0 .4 3 9
2 0 .0 2 2 1 0 .0421 — 0 .0 0 0 2 0 .0 4 2 3 0 .0 4 4 4 1 .0 5
3 0 .0 1 9 0 0 .0 3 2 7 — 0 .0 0 0 7 0 .0 3 3 4 0 .0 5 8 4 1 . 7 5
2 2 3
3
Calc ium  T u n g s t a t e , CaWO^s- p  = 6 .0 6  gm ./cm .
E n e rg y
E r
MeV.
- 1
cm.
(y
- 1
cm.
'• - 1
cm.
^  -1  
cm. cm.
Z.E e. 
MeV. / cm . MeV.
0 .0 8 0 .0 9 4 4 0 .8 1 5 2 9 .0 - 2 9 . 8 2 .3 2 0 .0 7 8 0
0 . 1 0 .1 0 6 0 .7 7 3 1 5 .6 — 1 6 . 4 1 .5 7 0 .0 9 6 0
0 . 2 0 .1 4 2 0 .6 4 9 2 .4 9 - 3 .1 4 0 .5 2 6 0 .1 6 8
0 . 3 0 .1 5 6 0 .5 6 1 0 .8 9 7 - 1 .4 6 0 .3 1 6 0 .2 1 7
0 . 4 0 .1 5 9 0 .5 0 8 0 .4 2 3 - 0 .9 3 1 0 .2 3 3 0 . 2 5 0
0 . 5 0 .1 5 9 0 .4 6 0 0 .2 4 4 - 0 .7 0 4 0 .2 0 1 0 .2 8 6
1 0 .1 4 8 0 .3 3 7 0 .0 5 6 4 - 0 .3 9 3 0 .2 0 4 0 .5 1 9
2 0 .1 2 4 0 .2 3 6 0 .0 1 7 9 0 .0 1 2 3 0 .2 6 6 0 .2 9 6 1 .1 1
3 0 .1 0 6 0 .1 8 3 0 .0 1 0 3 0 .0 3 8 5 0 .2 3 1 0 .4 2 4 1 . 8 4
8 2 4
C o p p e r .  Cu = 8 .9 4  gm ./cm .
E nergy
MeV.
- 1
cm.
c r
- 1
cm.
- 1
cm. cm.
^ - 1
cm.
E E e
MeV./cm.
E z
MeV.
0 .0 8 0 .1 4 5 1 . 2 5 4 .5 4 - 5 .7 9 0 .3 7 5 0 .0 6 4 7
0 . 1 0 .1 6 3 1 .1 9 2 .4 5 - 3 .6 4 0 .2 6 3 0 .0 7 4 0
0 .2 0 .2 1 8 0 .9 9 9 0 .3 9 0 - 1 .3 9 0 .1 2 2 0 .0 8 7 5
0 . 5 0 .2 4 1 0 .8 6 2 0 .1 4 1 - 1 . 0 0 0 .1 1 5 0 .1 1 5
0 . 4 0 .2 4 5 0 .7 8 1 0 .0 6 6 - 0 .8 4 6 0 .1 2 4 0 .1 4 7
0 . 5 0 .2 4 5 0 .7 0 8 0 .0 3 8 - 0 .7 4 6 0 .1 4 1 0 .1 9 0
1 0 .2 2 7 0 .5 1 7 0 .0 0 9 - 0 .526 0 .2 3 6 0 .4 4 9
2 0 .1 9 1 0 .3 6 3 0 .0 0 3 0 .0 1 1 0 .3 7 7 0 .3 9 9 1 . 0 6
3 0 .1 6 3 0 .2 8 1 0 .0 0 1 0 .0 3 5 0 .3 1 6 0 .5 6 2 1 . 7 8
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E nergy
E,
MeV.
0 1
- 1
cm.
cr-
cm.
'-r
— 1cm.
TT
— icm. -  * / cm. MeV/cm. MeV.
0 . 0 8 0 .0 2 2 7 0 .1 9 6 0 .0 0 7 9 - 0 .2 0 4 0 .0 0 2 4 5 0 . 012c
0 . 1 0 .0 2 5 5 0 .1 8 6 0 .0 0 4 2 - 0 . 1 9 0 0 . 0 0 2 9 7 0.0156
0 . 2 0 .0 3 4 0 0 .1 5 6 0 .0 0 0 7 — 0 . 1 5 7 0 .0 0 6 9 4 0.0443
0 . 3 0 .0 3 7 6 0 . 1 3 5 0 .0 0 0 2 - 0 .1 3 5 0 . 0 1 1 3 0.0839
0 . 4 0 .0 3 8 3 0 .1 2 2 0 .0 0 0 1 - 0 .122 0 .0 1 5 4 0 .1 2 6
0 . 5 0 .0 3 8 3 0 .1 1 1 - 0 .1 1 1 0 . 0 1 9 1 0 .1 7 3
1 0 .0 3 5 4 0 .0 8 0 8 - 0 .0 8 0 8 0 .0 3 5 4 0 .4 3 8
2 0 .0 2 9 8 0 .0 5 6 7 - 0 .0 0 0 3 0 .0 5 7 0 0 .0 5 9 9 1 .0 5
3 0 .0 2 5 5 0 .0 4 3 9 — 0 .0 0 1 1 0 .0 4 5 0 0 .0 7 8 7 1 . 7 5
2 3 6
P o t a s s i u m  I o d i d e .  KI pj = 3 .1 3  gm./cm5
E n erg y O'-
- 1
cr
- 1
-f'
- 1
-T V
- 1 -^ -1
MeV.
h
cm . cm. cm. cm. cm. MeV/cm. MeV.
0 . 0 8 0 .0 4 8 4 0 .4 1 7 6 .9 0 — 7 .3 2 0 .5 5 6 0 .0 7 6 0
0 . 1 0 .0 5 4 4 0 .3 9 6 3 .7 3 - 4 .1 3 0 .3 7 8 0 .0 9 1 7
0 . 2 0 .0 7 2 5 0 .3 3 2 0 .5 9 2 - 0 .9 2 4 0 .1 3 3 0 .1 4 4
0 . 3 0 .0 8 0 1 0 .2 8 7 0 .2 1 4 - 0 .501 0 .0 8 8 2 0 .1 7 6
0 . 4 0 .0 8 1 6 0 .2 6 0 0 .1 0 1 — 0 .3 6 1 0 .0 7 3 0 0 .2 0 2
0 . 5 0 .0 8 1 6 0 .2 3 6 0 .0 5 8 0 - 0 .2 9 4 0 .0 6 9 8 0 .2 3 7
1 0 .0 7 5 5 0 .1 7 2 0 .0 1 3 4 - 0 .1 8 5 0 .0 8 8 9 0 .4 8 0
2 0 .0 6 3 4 0 .1 2 1 0 .0 0 4 3 0 .0 0 5 7 0 .1 3 1 0 .1 4 1 1 . 0 8
3 0 .0 5 4 4 0 .0 9 3 7 0 .0 0 2 4 0 .0 1 7 9 0 .1 1 4 0 .2 0 6 1 .8 1
8 8 7
S i l i c a ,  SiÛ2 p = 2 .6 6  gm ./cm .
E nergy  cr^
£-y —1
MeV. cm.
c r -  
- 1  
cm.
-1
cm.
- 1
cm.
y ^ - 1
cm. MeV./cm.
"p'—
MeV.
0 . 0 8 0 .0 4 7 3 0 .4 0 8 0 .0 9 5 0 - 0 .5 0 3 0 .0 1 1 4 0 .0 2 2 6
0 . 1 0 .0 5 3 2 0 .3 8 8 0 .0 5 0 8 - 0 .4 3 9 0 .0 1 0 4 0 .0 2 3 7
0 . 2 0 .0 7 1 0 0 .3 2 5 0 .0081 — 0 .3 3 3 0 .0 1 5 8 0 .0 4 7 6
0 . 3 0 .0 7 8 4 0 .281 0 .0 0 2 9 - 0 .2 8 4 0 .0 2 4 4 0 .0 8 5 9
0 . 4 0 .0 7 9 9 0 .2 5 4 0 .0 0 1 4 0 .2 5 5 0 .0 3 2 5 0 .1 2 8
0 . 5 0 .0 7 9 9 0 .2 3 1 0 .0 0 0 8 - 0 .2 3 2 0 .0 4 0 3 0 .1 7 4
1 0 .0 7 3 9 0 .1 6 9 0 .0 0 0 2 — 0.169 0 .0741 0 .4 3 8
2 0 .0 6 2 1 0 .1 1 8 0 .0 0 0 1 0 .0 0 1 4 0 .119 0 .1 2 6 1 . 0 5
3 0 .0 5 3 2 0 .0 9 1 7 — 0 .0 0 4 3 0 .0 9 6 0  0 .1 6 8 1 .7 5
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Sodium I o d i d e  . Mai : -  f . -  3 .6 7  gm. / c m .
E n e rg y  cr C5-
-1
- r
- 1
TT
- 1 / " - I
MeV. cm. Cm. cm. cm. cm. MeV./cm. MeV.
0 . 0 8 0 .0 5 5 8 0 .4 8 1 8 .8 2 - 9 . 3 0 0 .7 1 0 0 .0 7 6 4
0 .1 0 .0 6 2 7 0 .4 5 7 4 .7 6 - 5 .2 2 0 .4 8 2 0 .0 9 2 4
0 . 2 0 .0 8 3 6 0 .3 8 3 0 .7 5 7 - 1 .1 4 0 .1 6 8 0 .1 4 7
0 . 3 0 .0 9 2 3 0 .3 3 1 0 .2 7 3 - 0 .6 0 4 0 .1 1 0 0 .1 8 1
0 . 4 0 .0 9 4 1 0 .3 0 0 0 .1 2 9 — 0.429 0 .0 8 9 2 0 .2 0 8
0 . 5 0 .0 9 4 1 0 .2 7 2 0 .0 7 4 2 — 0 .3 4 6 0 .0841 0 .2 4 3
1 0 .0 8 7 1 0 .1 9 9 0 .0172 - 0 .2 1 6 0 .1 0 4 0 .4 8 3
2 0 .0 7 3 2 0 .1 3 9 0 .0 0 5 5 0 .0 0 6 8 0.151 0 .1 6 4 1 .0 9
3 0 .0 6 2 7 0 .1 0 8 0 .0 0 3 1 0 .0 2 1 4 0 .1 3 2 0 .2 4 0 1 .8 2
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W ater , H2 O •— r  = 1 .00 gm./i:îm?
E n e rg y c r 'T' TV Z H ou
Ey - 1 - 1 -1 - 1
MeV. cm. cm. Cm. cm • cm. MeV/cm. MeV.
0 .0 8 0 .0 1 9 8 0 .1 7 0 0 .0 1 0 4 - 0 .1 8 0 0 .0 0 2 4 1 0 .0 1 3 4
0 . 1 0 .0 2 2 2 0 .1 6 2 0 .0 0 5 6 — 0 .1 6 8 0 .0 0 2 7 8 0 .0 1 6 5
0 . 2 0 .0 2 9 6 0 .1 3 6 0 .0 0 0 9 - 0 .1 3 7 0 .0 0 6 1 0 0 .0 4 4 5
0 . 3 0 . 0 3 2 7 0 .1 1 7 0 .0 0 0 3 - 0 .1 1 7 0 . 0 0 9 9 0 0 .0 8 4 6
0 . 4 0 .0 3 3 4 0 .1 0 6 0 .0002 — 0 .1 0 6 0 . 0 1 3 4 0 .1 2 6
0 . 5 0 .0 3 3 4 0 .0 9 6 4 0 .0 0 0 1 - 0 .0 9 6 5 0 .0 1 6 7 0 .1 7 3
1 0 .0 3 0 9 0 .0 7 0 4 - - 0 .0 7 0 4 0 . 0 3 0 9 0 .4 3 9
2 0 .0 2 5 9 0 .0 4 9 4 — 0 . 0 0 0 3 0 .0 4 9 7 0 .0 5 2 1 1 . 0 5
3 0 .0 2 2 3 0 .0 3 8 3 - 0 . 0 0 1 1 0 .0 3 9 4 0 .0 6 9 1 1 . 7 5
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APPENDIX I I  : RANGB-SNERGY DATA FOR MONO-BNBRGETIC 
ELECTRONS IN UNIT-DSNSITY MATERIAL.
E x p l a n a t o r y  N o t e :
The v a l u e s  f o r  t h e  r a n g e s  i n  t h i s  t a b l e  have
b ee n  d e r i v e d  f rom  t h e  c o l l e c t e d  d a t a  o f  Kamen (1 9 4 8 )  
f o r  e x t r a p o l a t e d  r a n g e s  o f  homogeneous e l e c t r o n s  i n  
a l u m in iu m .
E n e rg y E x t r a p o l a t e d  Range
Ec.
MeV. cm.
0 .1 1 3 0 .0 1 7 1
0 .1 5 0 0 .0 2 6 4
0 .1 9 1 0 .0 3 8 3
0 .2 3 2 0 .0 5 4 1
0 . 2 7 6 0 .0 6 8 6
0 .5 3 1 0 .1 8 4
0 .7 9 7 0 .3 1 9
1 . 0 7 8 0 .4 7 2
1 . 3 7 0 .6 2 9
1 . 6 5 0 .7 9 0
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APPENDIX I I I  ; MAXIMUM ENERGIES OF COMPTON RECOIL 
ELECTRONS;
E g p l a n a t o r v  N o t e ;
The s ra lues  f o r  maximum r e c o i l  e l e c t r o n  e n e r g y  i n  
t h i s  t a b l e  have  been  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n s h i p  
q u o te d  i n  s u b - s e c t i o n  I I . 2 . : -
e_
O - S  /
Y
Gamma-Quantum Maximum R e c o i l
E n e rg y  E l e c t r o n  E n e rg y
MeV. MeV.
0 .3 6 3  0 .2 1 3
0 .4 1  0 .2 5 0
0 . 5 5  0 .3 7 5
0 . 6 3 8  0 .4 5 7
0 .7 9  0 . 6 0
®.16 0 .9 5
1.32 1.11
1 . 3 5  1 .1 4
1 . 3 8  1 .1 6
2.76 2.52
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APPENDIX IV ; METHOD OF CALCULATION OF RATE OF 
PRODUCTION OF SECONDARY ELECTRONS IN A LUMINOPHQR 
OF KNOWN DIMENSIONS SUBJECTED TO A KNOWN FLUX OF 
GAMMA-RADIATION; -
T h i s  a p p e n d ix  i l l u s t r a t e s  t h e  method o f  
s e t t i n g  o u t  t h e  c a l c u l a t i o n  r e f e r r e d  t o  i n  su b ­
s e c t i o n  I I . 2 ,  o f  t h e  r a t e s  o f  p r o d u c t i o n  o f  
s e c o n d a r y  e l e c t r o n s  i n  a  lu m in o p h o r  o f  known 
d im e n s io n s  s u b j e c t e d  t o  g a m m a - r a d i a t i o n  from 
s o u r c e s  o f  1 m i l l i c u r i e  o f  v a r i o u s  r a d i o - i s o t o p e s  
a t  1 m e t r e .  The c r y s t a l  i n  t h i s  c a s e  was o f  
c a lc iu m  t u n g s t a t e ,  c y l i n d r i c a l  i n . f o r m  and o f  
mass 0 .1 2 4 4  gm. The c o m p le te  c a l c u l a t i o n  i s  
shown o n l y  f o r  brominegg», t h e  r a t e s  f o r  o t h e r  
r a d i o - i s o t o p e s  b e i n g  c a l c u l a t e d  i n  an a n a lo g o u s  
m a n n e r ,
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C alc ium  T u n g s t a t e :  0 ,1 2 4 4  gm>
Mass o f  c r y s t a l  =? 0 .1 2 4 4  gms.
A v erag e  r a d i u s  o f  c r y s t a l  = 0 .2 1 8  cm.
D e n s i t y  o f  c r y s t a l  = 6 .0 6  gm./cm?
o - i
H en ce ,  t h i c k n e s s  o f  c r y s t a l  ( t )  =
t c (  o  t  G o t  
= 0 .1 3 7 5  cm.
0 .4972  
( 0 . 2 1 8 ) ^  2 .6 7 7 0
0 .1 2 4 4  Ï . 0 9 4 8  6 .0 6  0 .7 8 2 5
  Ï .Q 5 6 7  Ï . 9 5 6 7
0 .1 3 7 5  Ï .1381
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Number o f  gam ma-quanta  i n c i d e n t  on c r y s t a l  
p e r  s e c o n d ,  a s sum ing  one gamma-quantum 
e m i t t e d  p e r  d i s i n t e g r a t i o n
=  irj . iû.vrAoïizŸ 
ZfTV l»oo)
—1
= 4 3 .9 5  se c
7
3 * 7 .1 0  7 .5 6 8 2
2
( 0 .2 1 8 ) _______ 2 .6 7 7 0
6 .2 4 5 2
4
4 . 1 0 _________ 4 .6 0 2 1
4 3 .9 5  1 .6 4 3 1
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Bromine 82 .
0 .5 5 0 .7 9 1 .3 5
l o g  y t y 1 .8 0 6 2 1 .6 9 0 2 Ï . 5 4 1 0
l o g  b Î . 1 3 8 1 1 .1 3 8 1 1 .1 3 8 1
l o g  yCyC 2 .9 4 4 3 2 .8 2 8 3 2 .6 7 9 1
l o g  ( l o g  c. ) Ï . 6 3 7 8 Ï . 6 3 7 8 Ï . 6 3 7 8
l o g  ( l o g  e. ) 2 .5 8 2 1 2 .4 6 6 1 2 .3 1 6 9
l o g  
l o g  e.
0 .0 3 8 2
1 .9 6 1 8
0 .0292
Ï . 9 7 0 8
0 .0 2 0 7
Î . 9 7 9 3
( I - )
0 .9 1 5 8
0 .0 8 4 2
0 .9 3 5 0
0 .0 6 5 0
0 .9 5 3 5
0 .0 4 6 5
l o g  ( 1 - ) 2 .9 2 5 3 2 .8 1 2 9 2 .6 6 7 5
l o g  4 3 .9 5 1 .6 4 3 1 1 .6 4 3 1 1 .6 4 3 1
l o g  fy 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0
C o r r e c t i o n  f o r  b e t a  
f i l t e r  
C o r r e c t i o n  f o r  a b s o r p ­
t i o n  i n  s o u r c e
1 .9 8 2 8
Ï . 9 9 0 0
Ï . 9 8 5 4
I . 9900
Ï . 9 8 9 3  
I .9900
l o g  I'^ e- 0 .5 4 1 2 0 .4 3 1 4 0 .2 8 9 9
3 .4 8 2 .7 0 1 .9 5
Hence T o t a l  R a te  o f  P r o d u c t i o n  o f  S eco n d a ry  E l e c t r o n s  
= 3 .4 8  + 2 . 7 0  + 1 .9 5  
= 8 .1 3  e l e c t r o n s / s e c o n d .
PAPERS SUBMITTED
S c i n t i l l a t i o n  C o u n t in g  o f  Gamma-Rays; 
M ayneord ,  W, V . ,  B e l c h e r ,  E .  H . ,
•N atu re*  (L o n d o n ) ,  1 6 5 . 9 3 0 ,  1 9 50 .
/Abnormal E f f i c i e n c i e s  i n  t h e  S c i n t i l l a t i o n  
C o u n t in g  o f  Gamma Rays;
B e l c h e r , E . H . ,
• N a t u r e • (L o n d o n ) ,  1 6 6 , 7 4 2 ,  1 9 5 0 .
M e asu rem e n ts  o f  Gamma-Ray E n e r g i e s  w i t h  t h e  
S c i n t i l l a t i o n  C o u n te r ;
B e l c h e r ,  E ,  H , ,
•N a tu re*  ( L o n d o n ) ,  1 6 6 . 8 2 6 ,  1950 .
S c i n t i l l a t i o n s  P ro d u ced  i n  L i q u i d s  by 
H ig h -E n e rg y  R a d i a t i o n :  L i n a p h t h y l  a s
a  S c i n t i l l a t i n g  Mediumj 
B e l c h e r  , E . H , ,
•N ature*  (L o n d o n ) ,  I W ,  314 ,  1950 .
A D i r e c t i o n a l  S c i n t i l l a t i o n  C o u n te r  f o r  
C l i n i c a l  M easurem en ts ;
B e l c h e r ,  E .  H . ,  E v a n s ,  H . D , ,
J .  S c i .  I n s t r . , 2 8 ,  7 1 ,  1951 .
{Reprinted jroin Nature, Vol. 165, p. 930, June 10, 1950)
S c i n t i l l a t i o n  C o u n t i n g  o f  G a m  m a - R a y s
W e  have investigated the significance of absolute 
(xinnting-rate in the scintillation measurement of 
gamma-rays from radium-226, iodine-131, cobalt-60 
and sodium-24.
Experiments have been carried out using synthetic 
crystals of calcium tungstate, chosen for its high 
density and high absorption coefficient foi* gamma- 
rays, in conjunction with a 1P21 B.C.A.  electron- 
multiplier coimected to the crystal via a ‘Perspex’ 
light guide. The multiplier tube is cooled in liquid 
nitrogen. Pulses from the multiplier are amplified 
(amplifier type 1008 : maximum gain 16,000) and 
led into a scaler (type 1009) incorporating a dis­
criminator. A thin camera shutter and adjustable 
iris diaplii’agm placed between the ciystal and 
‘Perspex’ rod enables the scintillations produced in 
the crystal to be distinguished from spurious effects 
in the light-guide and photo-multiplier. These effects 
prove to be of groat importance at low pulse dis­
crimination.
The intensity of the gamma-radiation at the crystal 
was estimated in a standard carbon ionization cham­
ber of Imown absolute calibration. From the theoret­
ical relationship bet\^een ionization cm'rent and 
energy flux for gamma-rays of varying energies, the 
number of quanta falling on the crystal could be 
calculated. Tlie number of quanta absoibed in the
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crystal was then estimated from linear absorption 
coefficients for calcium tungstate, derived from K lein- 
Nishina, Fowler-Hulme and Heitler theories for 
scattering, photo-electric and pair-production co­
efficients resiDoctively. This number of absorbed 
quanta will correspond to the number of secondary 
electrons released in the crystal and hence may be 
related to the observed counting-rate. The secondary 
electrons will have a range of energies and produce 
light flashes of varying sizes.
Fig. 1 shows the effects of applying discrimination 
at various levels to amplifier gain to the pulses pro­
duced by cobalt-60 gamma-rays in a crystal of mass 
Ô-330 gm. The results indicate that the counting- 
rates tend to a maximum limiting value at zero 
discrimination, the decrease in counting-rate with  
discrimination being much sharper at low amplifi­
cation.
Fig. 2 shows the effects of varying the photo­
multiplier voltage at zero discrimination and m axi­
mum amplifier gain for crystals of equal cross- 
section but different thicJmesses. I t  will be noted 
that the coimting-rate is approximately constant in 
the region of highest voltage available. A t high 
pu I se-discrimination the comiting-rate is, as fre­
quently reported, sharply dependent on photo­
multiplier voltage and low amplifier-gain. The 
measiuerrients appear to indicate that we are observ­
ing all the scintillations which set free at least ouo 
electron from the photo-multiplier cathode.
H I T I O  OF OISSKRVKl) TO OALCULATFl) (XU'NTlN«-KAT1?S
Mass o f  crystal (y:iii.) (>•124 0-3.30 0-495 0-017
] -13 (>•91) O-SO 0-73
(!(»l)alt,-(>0 0*91 (>•(•>3 0-52 0-40
lod ln c-l 31 1) 79 ()•;")() (>•41 0-39
In view of the small number of photons of visible 
light per scintillation, the probability of the liberation 
of an electron would be expected to depend on th(> 
optical efficiency of the system. Studies of the effects 
of varying optical efficiency by adjustment of the 
aperture of the iris diaphragm confirm this suggestion.
If  each secondary electron produces a scintillation  
and each scintillation at least one electron from the 
photo-cathode, the counting-rate ' would equal the 
rate of production of electrons in the crystal. The 
accompanying table shows the ratio of counting- 
rates observed for crystals of different thicknesses 
and gamma-radiation of varying energies to the 
calculated niunber of electrons set free. Extrapola­
tion to zero thiclmess yields observed and calculated 
rates in  approximate agreement. At finite thick­
nesses some secondary electrons are not observed
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owing to the absorption of light quanta in the crystal. 
The experiments, therefore, show that under appro­
priate experimental conditions the observed counting- 
rates in a scintillation counter exposed to gamma- 
rays have absolute significance, and in calcium 
tungstate are approximately equal to the number of 
electrons set free in the crystal. This result is in 
accordance with the Imown approximately 100 per 
cent efficiency for counting alpha- or beta-particles.
Wo wish to acluiowledge the kindness of Mr. N. 
Veall, who loaned the synthetic calcium tungstate 
crystals used, and of our colleague, Mr. W ., K. 
Sinclair, who measured the activity of the radioactive 
.sources.
, , W . V. M a y m f o k i)
10. H . B el c  h F It
Physics Department,
Boyal Cancer Hospital,
London, S.W.3.
Feb. 23.
* ICallman, H ., a n d  Broaer, T., Z, Naturforsch., 2a, 439 and 042 (1947). 
' M oon, K. J ., Pfiys. Rev., 73, 12IÜ (1948).
 ^ Ivallinan. II ., Phys. Rev., 75, 023 (1949).
.Iordan, W . I f .,  and B ell, r . K., Nuelenvies, 3 9 .(O ctober 1949).
P rin ted  in G reat B rita in  by F ish er , K n ight & C o., LW ., St. A lbans.
(Reprinlecl from Nature, Vol. 166, p. 826, N ovem ber 11, 1950)
M e a s u r e m e n t  o f  G a m m a - R a y  E n e r g i e s  w i t h  
t h e  S c i n t i l l a t i o n  C o u n t e r
T h e  use of the scintillation counter as a gamma-ray 
spectrometer has been described by Pringle, Roulston 
and Taylor^, Johannson^, MacIntyre and Hofstadter^, 
Cavanagh^ and other workers. However, the resolu­
tions obtained have in general been poor, and 
quantitative measurements of gamma-ray energies 
and relative intensities difficult to make.
Lack of resolution may be attributed to three 
main effects. First, the optical efficiency of the 
system will vary through the volume of the crystal, 
and the number of photons incident upon the photo­
multiplier cathode will not be constant for scintilla­
tions of equal size produced at different positions in 
the crystal. Secondly, some secondary electrons may 
escape from the crystal before expending all their 
energy ; mono-energetic secondary electrons thus 
may not produce scintillations of uniform size. 
Finally, the size of pulse at the photomultiplier out­
put will be subject to large statistical variations where 
only a few photons are incident upon the photo- 
cathode per scintillation.
These effects may be reduced by the use of small 
crystals of high density in a system the optical 
efficiency of which is as high as possible. Calcium 
tungstate is particularly suitable having a density of 
6 06 gm./c.c., and the accompanying graph shows the 
differential curve of counting-rate against pul se- 
discriminator setting obtained when a small (0-124 
gm.) crystal of this material placed in direct contact
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D ifferential counting-rates in  calcium  tu n gstate  w ith  1 mC. o f  
cobalt-60 a t 1 m . P hotom ultip lier vo ltage 1 ,080; amplifier gain  
1 ,600 ; m ass o f  crystal 0-1244 gm . ; resolving tim e 200 psec.
with the envelope of an uncooled 1P21 photo­
multiplier was irradiated with the gamma-radiatioii 
of cobalt-60. The pulses at the photomultiplier out­
put were amplified in a linear amplifier (type 1008) 
operating at a gain of 1,600, and recorded in a count­
ing-rate meter (type 1037^) incorporating a pulse 
discriminator circuit calibrated directly in volts. The 
integral curve of counting-rate against pulse-dis­
criminator setting was differentiated by taking the 
increment in coimting-rate over each one-volt step 
in pulse discrimination. All counting-rates are cor­
rected for backgromid effects.
The twin peaks and edges due to the photo-electric 
absorption and Compton scattering of the two 
gamma-rays of energy 1 16 and 1 32 MeV. are clearly 
resolved. The arrows give the theoretical position  
of these peaks and edges calculated from the observed 
position of the 1-32-MeV. photo-electron peak, 
assuming a linear relationship between secondary 
electron energy and pulse size. The rise in the curve 
at low pulse discrimination m ay be attributed to 
degenerate radiation scattered from the photo­
multiplier housing and crystal mounting.
Similar measurements have been made using a 
small crystal of thallium -activated potassium iodide. 
Owing to the lower density (3-13), resolution is re­
duced, and a large increase in counting-rate appears 
below 20 volts discrimination owing to the single- 
photon phosphorescent emission of this material ; 
it is of interest that the gradient of this portion of 
the curve is similar to that of the noise background 
of the photomultiplier, showing that it represents the 
emission of single electrons at the photocathode. This 
confirms the single-photon character of the phos­
phorescent emission of the luminophore.
Some interesting results have been obtained with 
radioisotopes other than cobalt-60. For example, 
in the case of gold-198 the presence of a low-intensity 
gamma-ray of energy 1-1 MeV., also reported by 
Pringle*, is verified. It is estimated, by comparison 
with the curve for cobalt-60, that the probability of 
occurrence of this gamma-ray is of the order of 
1 per cent.
E. H. B e l c h e r
Physics Department,
Royal Cancer H ospital,
London, S.W.3.
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A b n o r m a l  E f f i c i e n c i e s  i n  t h e  S c i n t i l l a t i o n -  
c o u n t i n g  o f  G a m m a - R a y s
I n  an earlier communication, Mayneord and 
Belcher^ have shown that, under appropriate con­
ditions of high gain and low pulse-discrimination, the 
counting-rates for scintillations observed in a small 
calcium tungstate crystal irradiated by gamma- 
radiation approximate to the rates of absolution of 
gamma-ray quanta in the crystal calculated from 
theoretical linear absorption coefficients.
Similar observations on small crystals of thallium- 
activated potassium iodide show, however, that the 
counting-rates in this material may be many times 
greater than the calculated absorption-rates. This 
anomalous behaviour of thallium-activated potassium  
iodide, first reported by Freedman, Smaller and 
May^, has been studied using experimental arrange­
ments identical to those already described^.
Fig. 1 shows the ratios, R, of the observed maximum  
counting-rates to the calculated rates of absorption 
of gamma - q uan ta derived from \ Klein-Nishina, 
Fowler-Hulme and Heitler theories, plotted as a 
function of crystal mass for crystals of equal cross- 
section, but varying thickness. Appropriate correc­
tions have been made for background effects and 
scaler dead-time. Measurements were made for the 
gamma-radiation from various radioisotopes.
It will be seen that the observed rates are con­
siderably greater than those calculated, and that the 
ratio of the two increases with increase in energy of 
the exciting radiation. Further studies have shown 
that this effect is due to electron-trapping levels 
in the luminophor lattice ; each gamma-quantum  
absorbed may thus produce a delayed phosphorescent 
emission consisting of single photons, in addition to 
a short-duration fiuorescent pulse ^containing m an y  
photons. Of these single photon pulses, a fraction, 
determined by the resolving time and optical efficiency 
of the system, will be recorded in the counter.
We may expect that the number of phosphorescent 
centres excited by a single gamma-quantum absorbed 
in the crystal will depend on the energy of its second­
ary electron, and indeed will be linearly proportional 
to this energy. This is confirmed in Fig. 2, where^ 
the ratio, R,  of observed to calculated coiinting-rates 
for various radioisotopes in a crystal of mass 
0-126 gm. is plotted against the calculated mean 
energy, Ee, of the secondary electrons produced in 
the crystal. As expected, the experimental values 
fall approximately on a straight line, which when
extrapolated intersects the vertical axis at unity, 
showing that the number of phosphorescent pulses, 
R — ly counted fo ^ a c h  quantum absorbed is linearly 
proportional to Ee. The slight deviation from 
linearity in the case o f the high-energy radiation of 
sodium-24 m ay be interpreted as being due to the 
escape from the crystal of some of the more energetic 
secondary electrons produced by this isotope before 
they have expended all their energy in exciting phos­
phorescent centres ; the fall in the ratio of observed 
to calculated counting-rate apparent in Fig. 1 in 
the case of the smallest crystal studied m ay also be 
explained in terms of this effect.
Studies on the effect of scaler resolving tim e on 
counting-rate in thallium -activated potassium iodide 
show that the phosphorescent emission obeys a non- 
exponential decay law ; it falls to half its initial 
value in 2-5 msec., but persists for many minutes 
after the initial excitation event. Further observa­
tions on synthetic calcium tungstate indicate that 
this material also shows an impurity-activated phos­
phorescent emission, but of low intensity and of
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short duration. The decay in this case appears ex ­
ponential, with a half-life of 20 psec. (to be compared 
with the approximate figure of 100 (./sec. quoted by 
Garlick®). Thus, it is not appreciable at counter 
resolving times greater than 100 ( sec. Samples of 
purified anthracene and of anthracene-activated 
naphthalene have also been examined ; but contrary 
to the reports of Cross  ^ no phosphorescent emission 
has been detected in the samples tested.
Thanks are due to Mr. J. Sharpe, of the Atomic 
Energy Research Establishment, Harwell, for the 
gift of thallium-activated potassium iodide crystals, 
and to Dr. G. F. J. Garlick, of the University of 
Birmingham, for a sample of purified anthracene.
E. H. B e l c h e r
The Royal Cancer Hospital,
Fulham Road, London, S.W.3.
Aug. 3.
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S c i n t i l l a t i o n s  P r o d u c e d  i n  L i q u i d s  b y  H i g h -  
E n e r g y  R a d i a t i o n  : a a '  D i n a p h t h y l  a s  
a  S c i n t i l l a t i n g  M e d i u m
I n efforts to find a suitable liquid medium to 
replace the crystalline luminophore at present used 
in scintillation counters for gamma-ray measure­
ments, a wide variety of solutions of organic com­
pounds known or suspected to have fluorescent 
properties has been examined.
In these experiments, a small sample (1 ml.) of 
each liquid to be tested was placed in a flat-bottomed 
cylindrical phial of resistance glass which was then 
mounted in a light-tight housing in close proximity 
to the photo cathode of a 1P21 photomultiplier tube, 
and irradiated by . gamma-rays from a standard 
source (1*5 mC.) of cobalt-60 at a fixed distance 
(6 cm.) from the sample. The resulting pulses were 
amplified in a linear amplifier (type 1008) and counted 
in a rate-meter (type 1037A).
A ‘figure of merit’ was assigned to each liquid 
tested, this being the observed countiiig-rate in 
counts per second due to the 1-ml. sample under 
standard conditions of amplifier gain and pulse 
discrimination corrected for counter resolving-time 
and background effects.
The more important results are summarized in the 
accompanying table. All the pure solvents examined 
showed slight but measruable luminescence, which 
must in some cases be attributed to small amounts 
of impurities either present in the solvents before 
irradiation or formed in them by chemical radiation 
effects. The figure of merit of many solutions showed 
a maximum value at a certain optimum concentra­
tion of solute, falling at higher concentration owing 
to quenching effects. In yet other solutions, the 
figure of merit increased continuously up to the 
saturation concentration of the solute. For com­
parison, approximate figures of merit for samples of 
crystalline calcium tungstate and of anthracene of 
mass equal to that of the liquid samples are included 
in the table.
Of the systems investigated, aa' dinaphthyl in 
benzene is the most promising and will be seen to be 
superior to p-terphenyl in benzene, the use of which 
in this connexion has been suggested by Reynolds 
et al.  ^ and by Kalhnann and Furst^. A saturated 
solution of aa' dinaphthyl in benzene has a figure of 
merit greater than that of synthetic crystalline cal­
cium tungstate and half that of crystalline anthracene ;
F i g u r e s  o f  M e r i t  o p  S c in t i l l a t in g  L i q u i d s
O ptim um F igure o
con cen tration m erit a t
System o f so lu te op tim um
(gm ./litre) concen tration
aa' D in ap h th y l/b en zen Saturation 16,400
2>-Terphenyl/be nze ne Saturation 15.600
m -Terphe ny l/b en zen e Saturation 9,400
Phe n y l /3- n ap h thyleth y  le ne/be nze ne 2*7 6,700
5,950/?-K aphthylam ine/benzene ' 5*0
a-N ap h th y lam in e/b en zen e 2*8 5,050
pp" D in ap h th y l/b en zen e 6*0 3,900
PP' D in ap h th y leth an e/b en zen e Saturation 3,200
1 .3 .5 .T riphenylbenzene/benzer.e Saturation 2,500
j5-N aphthol/benzene 1*5 2.200
a-N ap h th o l/b en zen e 2*5 IJOO
K aph thale ne/be nze ne S aturation 1,460
A nthrace ne/be nze ne 2*2 1,460
B en zen e — 910
W ater (distiUed) — 620
Calcium  tu n gsta te  (f'rystalline 12,000
A nthracene (crysta lline) 37,000
these figures refer, of course, to the counting-rates 
produced by the gamma-radiation of cobalt-60. It  
should be emphasized that for gamma-radiation of 
other energies the relative counting-rates m ay be 
different owing to differences in density and mean 
atomic number of the luminophors. In  particular, 
the counting-rates for low-energy gamma-rays in the 
energy-range 0*1-0-5 MeV. will be low in the case 
of the liquid systems studied. Further experiments 
are being carried out on aa' dinaphthyl and its de­
rivatives, and a full account of the work will be 
published elsewhere.
I wish to express m y thanks to Prof. W. V. 
Mayneord, director of the Physics Department, for 
permission to carry^ out this work, and to Mr. J. 
Everett, of the Chester Beatty Research Institute, 
Royal Cancer Hospital, for providing samples of 
a number of organic compounds, including the 
dinaphthyls.
. E. H. B e l c h e r
The Royal Cancer Hospital,
Fulham Road,
London, S.W.3.
Nov. 17.
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A  directional scintillation counter for clin ical m easurem ents
By E. H. B elch er , M.A., and H. D. E v a n s , B .S c., Ph.D., A.Inst.P., Physics Department,
Royal Cancer Hospital, London, S.W.3
[Paper received 27 October, 1950]
A  scintillation counter designed for clinical measurements is described. The instrument incor­
porates a liquid nitrogen cooled photo-m ultiplier and a thallium activated potassium  iodide  
crystal separated from the photo-m ultiplier by a Perspex light guide. D etails are given o f  the 
absolute counting rates obtainable with five radio-isotopes com m only used in clinical work and 
also o f  the directional properties o f  the instrument. The counting efficiency for the gamm a  
radiation from  iodine 131, expressed as counts/quantum  incident on the crystal, is 31-6% .
The scintillation counter as a device for observing 
alpha particles was first described as long ago as 1905 by 
Crookes; its extension to the measurement of gamma 
radiation, made possible by the development in recent 
years of the photo-multiplier tube as a sensitive detector 
of low intensity light flashes, has been described by 
numerous workers.^ "^^  ^ In this application it possesses 
several advantages over instruments based on Geiger- 
Müller counters or ionization chambers, notably in its 
increased sensitivity and in the small size of the sensitive 
volume within which the radiation flux is measured. 
Gamma counting efficiencies of 30 % are easily obtainable, 
while those of Geiger-Miiller counters rarely exceed 5 %. 
The small size of the detecting element permits the design 
of improved directional counters for the localization of 
radioactive materials in the human body. This paper 
describes the construction and characteristics of such a 
directional scintillation counter, designed and built at 
the Royal Cancer Hospital. This instrument has been 
used continually for clinical measurements in the Physics 
Department of that hospital for the past nine months, 
during which time it has proved entirely reliable. In 
Table 1, the counting rates obtained in the counter when 
irradiated with the gamma radiation from point sources 
of 1 me of four commonly used radioactive isotopes 
at one metre distance in air, are compared with the 
corresponding rates in a Geiger-Miiller tube of 
standard type (G.E.C. gamma counter Type G.4). All 
values are fully corrected for background and resolving 
time.
Isotope
1131
Br82
C q60
Na24
Table 1. Comparison o f  counting rates
Counting R ate {unshielded)
S cintillation  Counter Geiger-M iiller Counter
4-58  cou nts/sec  
36-8 cou n ts/sec  
35-0  cou n ts/sec  
59-0  cou n ts/sec
7 7 -4  cou n ts/sec  
296-0  cou n ts/sec  
2 06-0  cou n ts/sec  
2 78-0  cou n ts/sec
The increased sensitivity of the scintillation counting 
instrument is clearly apparent.
DESIGN
The counter was designed for clinical work and there­
fore incorporates certain features, such as mobility, 
which would be unnecessary in a laboratory instrument. 
One of the chief difficulties to be overcome is the high
“noise” background of the photo-multiplier. To achieve 
maximum efficiency, sufficient amplification must be 
employed to record every scintillation in the crystal 
which releases a single electron at the cathode o f the 
multiplier; this clearly also permits counting o f every 
thermal electron released-at the cathode. The “noise” 
background of the tube at room temperature, under these 
conditions, is o f the order of 6 000 to 8 000 counts/sec, 
and it is therefore impractical to count low levels of 
activity against it. The most obvious method of 
reducing the background is to cool the tube, and in the 
instrument described this is the course which has been 
adopted, liquid nitrogen being used as the refrigerant. 
At this temperature (— 196° C) the thermal background 
of the tube amounts to rather less than 1 count/sec. 
Cooling, however, introduces a complication, namely 
that for clinical purposes the part of the counter in 
contact with the skin must be at room temperature. 
The problem is readily solved by mounting the crystal 
at the end of a Perspex light-guide, and introducing a 
thermally insulating section in the surrounding light­
tight tube. This arrangement also meets the require­
ment o f providing the probe of fairly small dimensions 
necessary for clinical work. It should be noted that if  
the crystal is situated very close to the photo-multiplier 
the tube need not be cooled since the efficiency of light- 
collection is then much higher and the background can 
be reduced by raising discriminator voltage. The photo­
multiplier itself is sensitive to gamma radiation and 
Perspex scintillates to a limited extent. Lead shielding 
must therefore be provided for both.
The choice of crystal is largely a matter o f com^ 
promise.(^) The material should be of high density and 
should contain atoms of high atomic number so that its 
absorption coefficient for gamma radiation is high. The 
crystal should be large and transparent to its own light 
radiation, the wavelength of which should lie near the 
maximum sensitivity of the tube (i.e. of about 4 200 A). 
A polycrystalline mass can be used, but its efficiency is 
obviously less than that o f a single crystal, due to 
scattering, refraction and reflexion at interfaces. A  
suitable material, used in early experiments, is calcium 
tungstate; its density is fairly high (6-06 gm/c.c.), but it is 
difficult at present to obtain large crystals other than in 
the form of rods, about 3 mm in diameter. Natural 
calcium tungstate (scheelite) generally consists o f a mass
E. H. Belcher and H. D. Evans
of small, almost opaque crystals and thicknesses above 
1 or 2 mm are not efficient on account o f the absorption 
o f light.
Naphthalene and anthracene are both well known as 
luminophors and with care can be produced in large 
single crystals. Their efficiencies for counting gamma 
rays are, however, relatively small owing to their low 
densities and mean atomic numbers. The most suitable 
materials used so far are the alkali halides which can be 
activated by the addition o f a small percentage of 
thallium halide; it is possible to grow large crystals by a 
method outlined by Taylor.(^°) A crystal o f potassium 
iodide (with thallium iodide) is used in the instru­
ment described. This material has a density o f  
3*13 gm/c.c. and a fairly high absorption coefficient for 
low energy gamma radiation owing to the presence of 
iodine atoms. The presence o f small amounts o f the 
beta and gamma active isotope K40 in naturally occur­
ring potassium is a distinct disadvantage producing a 
background of some 30 counts/sec in a crystal o f dimen­
sions 10 X  11 X  7 mm. Sodium iodide^^ )^ is clearly an 
improvement in this respect, but being highly deliquescent 
cannot be used unless, protected from the air.
With regard to photo-multiplier tubes, the choice lies 
basically between the R.C.A. type 1P21 (or the Mazda 
type 27 M .l) and the E.M.I. types 5311 and 5060. The 
former is a nine stage tube with a gain o f the order of 
10  ^ and the latter have eleven stages with a gain o f the 
order o f 10 .^ The R.C.A. type 1P21 was chosen for 
the present application on account o f its smaller 
dimensions.
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C O N S T R U C T I O N
A sectioned diagram o f the counter is shown in Fig. 1, 
and an external view in Fig. 2. The crystal A (Fig. 1) 
is potassium iodide, 10 mm in diameter and 7 mm thick, 
cut from a single crystal 10 X  11 x  7 mm. It is 
cemented to the polished end of a I  in diameter Perspex 
rod B  by means o f Canada Balsam, and an aluminium 
foil reflector is cemented on the face remote from the 
rod. A lens turned on the other end of the rod focuses 
the light on the cathode o f the photo-multiplier C which 
is mounted on a special Perspex base K, supported by a 
brass cylinder through the top o f which pass two brass 
tubes carrying the cables P  and R. The resistor chain L 
and output capacitor M  are fitted directly to the base. 
This whole assembly slides into a second container, the 
joint being made air-tight and light-tight by a Neoprene 
washer N \ the Perspex rod enters this container near its 
lower end and the light-tight enclosure is completed by 
the Duralumin tube E  (in which the rod is centred by 
polished Duralumin rings) and the Keramot thermal 
insulator G. The multiplier enclosure is entirely sur­
rounded by a liquid nitrogen jacket H. The vertical 
brass tubes mentioned earlier carry the output cable P 
and the e.h.t. cable R above the level o f the liquid 
nitrogen, and the rubber sleeves S  prevent seepage of 
condensed water into the multiplier enclosure. The 
liquid nitrogen container is suspended from the Keramot 
ring U which supports and centres it in the outer case 
of the instrument; the space V is filled with cotton wool 
lagging to reduce the liquid nitrogen evaporation rate. 
The crystal is surrounded by a lead shield and colli­
mator D, the end of the tube E  being closed by a thin 
Duralumin cap. The photo-multiplier and Perspex rod 
are shielded from direct gamma radiation by the lead 
screens shown in Fig. 2.
The apparatus was designed primarily for the attempted 
localization o f cerebral tumours by injection o f di- 
iodofluorescein containing In this applica­
tion the pointer o f the Perspex cap F  and the detachable 
Duralumin arm shown in Fig. 2 indicate the axis o f the 
cone o f collimation o f the instrument, thus permitting 
accurate positioning along fixed lines through the 
human head. However, the apparatus is readily 
adaptable to other types o f investigation. The counter
Fig. 1. Scintillation counter
A, crystal; B, Perspex light-guide; C, photo­
multiplier; D, lead collimator; E, Dura­
lumin tube; F, Perspex cap; G, thermal 
insulator; H, liquid nitrogen container; 
K, photo-multiplier base; L, resistor chain; 
M, output capacitor; N, Neoprene washer; 
P, output cable; R, e.h.t. supply cable; 
S, rubber sleeve; T, lead screening; U, Kera­
mot ring; V, lagging.
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Fig. 2. Scintillation counter, external view
multiplier resistance chain is shown 
in Fig. 5. The output capacitor in 
the refrigerated enclosure does not 
appear to be affected by] the low 
temperature and it has not proved 
necessary to provide a drying 
agent in this space; the coolest part 
of the enclosure is the outer wall, 
on to which water vapour probably 
freezes during the first few minutes 
of cooling without affecting the 
optical surfaces.
P E R F O R M A N C E
The gain o f the 1P21 photo­
multiplier, working at 100 V per 
stage, is stated by the makers to be 
2 X  10^ The amplifier type 1008 
works at a gain o f 16 000 times, and 
the discriminators in scaler and
light-tight cose 
cry s ta l
linear amplifier
counting ra te  meter
t y p e  1037 A
stabilized power pack 
typeioazA 
o u t p u t  lOOOV
discriminator 
incorporated 
in ro tem e te r
Fig. 4. Schematic diagram o f  scintillation counter
The type numbers refer to electronic units designed and supplied 
by the Atomic Energy Research Establishment, Harwell.
Fig. 3. The com plete apparatus
is fitted to a mobile stand (Fig. 3) allowing vertical and 
horizontal movements and a rotation about the vertical 
pillar.
The electronic equipment is shown schematically in 
Fig. 4, the units being fitted into the rack shown on the 
right of Fig. 3. Connexions between the counter and 
the rack units are made by two 8 ft lengths of  ^in 
diameter, 70 Ü screened cable. The circuit of the
R7
P S , ,R8
R4
R3
R2
> output
> e.h.t.-ve.
Fig. 5. Photom ultiplier base
Ri to R io ,4 -7 M n . R n ,4 7 k a  C, 0 -001 //F.
E. H. Belcher and H. D. Evans
ratemeter are set at their minimum value o f 5 V. Under 
these conditions, the total background of the instrument 
amounts to approximately 30 counts/sec when no active 
material is in the vicinity; the photomultiplier accounts 
for less than 1 count/sec, the remainder being largely due 
to the activity o f K40 in the crystal.
1 me at 1 m
o Co60□ l>^‘A B + 82 
+ Aui9«
X Na24 
© Background
lO O
lo
0.1
20 30 40) SO
D isc r im in a to r  vo ltage
O lO
The absolute efficiencies of the counter for four radio­
isotopes, expressed as counts/quantum incident on the 
crystal, are given in Table 2.
Table 2. Absolute efficiencies o f  the counter
Isotope Bi-82 Co^o Na24
Efficiency 31-6%  42 6%  44 5%  60-1 %
It will be observed that the efficiency increases with 
gamma-ray energy, although the absorption coefficient 
falls in the range o f energy studied. This is due to the 
existence o f a delayed phosphorescent emission in addi­
tion to the instantaneous fluorescence o f thallium 
activated potassium i o d i d e t h u s  each gamma ray 
absorbed in the crystal may produce more than one 
count in the scaler. The magnitude o f this effect rises 
with increase o f gamma-ray energy. The pulse distribu­
tion is therefore no longer random and due allowance 
must be made in the calculation o f statistical errors. 
Moreover, since the phosphorescence persists for several 
minutes, care must be taken to avoid exposing the 
crystal to a sudden heavy flux o f radiation which will 
result in an apparent rise in background. This effect is 
negligible at counting rates below about 1 000 counts/sec.
Fig. 6. V ariation o f  counting rates w ith discrim inator
voltage
The variation o f counting rate with discriminator 
voltage for five radioactive isotopes is shown in Fig. 6; 
the curves show the counting rates due to sources of 
strength 1 me at a distance o f 1 m from the front face 
of the crystal and are corrected for background effects 
and resolution time. N o collimator was used for these 
measurements.
The directional properties o f the instrument are 
illustrated in Fig. 7. The results are corrected to  give 
the counting rates due to a source o f I^ %^ o f  strength 
1 me moved along an arc o f one metre radius, with 
centre on the collimator axis at the front face o f the 
crystal. Three collimators with aperture diameters of 
12 mm, 8-5 mm and 5 mm were used; the poor per­
formance of the collimator o f smallest diameter may be 
attributed to the small amount o f radiation reaching the 
crystal through the aperture compared with that passing 
through the lead shielding. A  collimator o f this 
aperture could be improved by reducing the size o f the 
crystal to the dimensions o f the aperture or by using a 
material o f higher atomic number than lead (e.g. 
uraniuni) for screening.
Counts/sec
Collimator Diameter
~70' □ 8 5mm. 
A 5mm.
-6 0
-4 0
-3 0
-lO
4 0 ’■'2030
D e g re e s
Fig. 7. Polar diagram s o f  counter for 1 m e o f  at 1 m
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